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INVESTIGATION OF SCRUBBING ANL IMPINGEMENT NOISE
By Martin R. Fink

United Aircraft Corporation Research Laboratories

SUMMARY

Tests weie conducted in an acoustic wind tunnel to determine surface
pressure spectra and far-field noise caused by turbulence impinging on an air-
foil and turbulence convected past a sharp trailing edge. Measured effects of
flow velocity and turbulence intensity were compared with predictions from
several theories. Cross-corrzlations were utilized to assure that measurements
were dominated by the aeroacoustic mechanism of interest. Also, tests were
conducted in an anechoic chamber to determine surface pressure spectra and
far-field noise caused by a deflected airfoil scrubbed by a subsonic jet. This
installation simulated both an under-the-wing and an upper-surface-blowing
externally blown flap, depending on the deflection angle. Surface and far-
field spectra, and cross-correlation coherence and delay time, were utilized
to infer the major noise-producing mechanisms.

Surface pressure spectra for the airfoil with incident turbulence were
best predicted by the theory of Filotas. This theory uses separate asymptotic
solutions for large and for small Strouhal numbers. Far-field acoustic
spectra were well predicted by use of that theory for 1ift force spectra,
combined with Hayden's modification for sound radiation from acoustically
noncompact sources.

Trailing edge noise was found to vary with velocity to the fifth power and
turbulence intensity squared as predicted by the theories of Ffowes Williams
and Hall and of Chase. Amplitude is predicted by the theory of Ffowes Williams
and Hall if turbulent eddy spacing is taken as four times the turbulence
transverse integral scale length.

Noise from an airfoil scrubbed by a Jet was found to arise from three
mechanisms. Tralling edge nolse, caused when turbulent eddies in the jet were
convected past the airfoil trailing edge, had large contributions to low-
frequency noise and overall sound pressure level. Scrubbing ncise, the dipole
noise that is strongest normal to the deflected chord of an under-the-wing
(UTW) blown flap, was found to be caused by lift force fluctuations induced
by large-scale vortex instabilities of the jet as they are convected along the
chord. The resulting noise is like that from discrete spanwise vortices
moving past an airfoil. Thus, scrubbing noise is increased when the vortices



are brought close to the airfoil as by deflecting an UIW externally blown flap.
It is decreased when the flap chord is made so large that the vortices are
dissipated by viscosity along the chord. Jet mixing noise, increased in
amplitude by jet deflection and reflected toward the ground by UTW installia-
tions but shielded by upper-surface-blowing (USB) installations, affects
spectra at high frequencies. Thus, major differences between the tso types of
externally blown flaps are that (1) UIW scrubbing noise is large and oriented
normal to the deflected flap segments while USB scrubbing noise is smaller

and oriented normal to the undeflected wing, and (2) UIW jet gquadrupole noise
below the flaps is increased by reflection while USB jet quadrupole noise
below the flaps is reduced by shielding.

This report describes work conducted during the first year of this
contract. Validated noise prediction methods for different aeroaccustic
mechanisms will be combined and applied to practical airframe installation
noise problems in subsequent years.



SYMBOLS

Values of dimensional quantities are given in both SI and U.S. Customary Units.
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b

St

SN

Kl

speed of sound, m/sec (ft/sec)

airfoil span, m (ft)

airfoil chord, m (ft)

effective radius of acoustic source, taken as c/2

derivative of airfoll pressure coefficient with respect to angle
of incidence

nozzle diameter, m (ft)

spectral density of turbulence intensity, n° /sec (ftz/sec)
frequency, Hz

acoustic intensity, w/m® (1b/ft sec)

reduced frequency, wc/U

ratio of integral scale length to half-chord, 2A/c

mean square acoustic pressure, n2/m' (lbe/fth‘

acoustic reference pressure, 2 x 107 n/m2

far field radius, m (ft)

Sears function (ratio of unsteady to quasi-steady response)
Strouhal number, fc/U or £&/U

mean square streamwise velocity fluctuation, m2/sec2 fftz/sece)
streamwise mean velocity, m/sec (ft/sec)

mean square transverse velocity fluctuation, m2/sec2 (fta/secg)

volume of turbulent eddy, md (ft3)
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SYMBOLS (Concluded)

width of trailing edge, m (ft)

streamwise distance from midchord, m (ft)

normalized turbulence intensity, v&/IF

transverse correlation radius of turbulence, m (ft)

angle from upstream direction, deg

streamwise integral scale length, m (ft)

density, kg/m3 (1b sec?/ft*)
normalized spectral density, Hz

angular frequency, 2nf, rad/sec

Subseripts

F

1ift force

original solution by Sears
acoustic pressure

surface pressure

turbulence

_l, also sideline angle, deg



INTRODUCTION

Noise generated by solid bodies in the presence of engine airflow
determines the inherent minimum noise of installed aircraft engines. For
example, acoustically treated splitters within the engine inlet and exhaust
ducts can attenuate turbomachinery noise but produce noise at their outer
edges. Internal struts, necessary for structural support of the engine and
splitters, are likely to be immersed in high-velocity turbulent engine air-
flows. Externally blown flaps utilize engine exit airflow to generate wing
supercirculation 1ift force at low flight speeds while impinging the high
turbulence levels of a jet mixing region onto the wing surface. 1In all these
cases, a solid surface of finite extent is scrubbed by airflow containing
velocity and pressure fluctuations generated upstream, within the boundary
layer, and within the near wake. The same relatively small number of basic
aeroacoustic mechanisms should be present for all of these examples; the
magnitude of noise generated by each mechanism should be predictable if the
airstream mean velocity, rms turbulence intensity, integral scale lengths, and
turbulence spectrum shape are known.

Numerous analyses with varying degrees of complexity are available for
calculating noise caused by different mechanisms. A few of these analyses are
aerodynamically and aeroacoustically rigorous. Their applicability is limited
only by one's ability to predict required properties of the aerodynamically
imposed turbulence. Others are little better than dimensional analysis with a
proportionality constant chosen to match selected data. Such methods are
likely to give poor agreement with data for other tests having different
turbulence intensities, different ratios of turbulence length scale to model
dimension, and on occasion different Reynolds number. In some cases, different
aeroacoustic analyses which yield different predicted trends have been
developed for the same basic process. Generally, each analysis contains some
fundamental assumptions connecting the aerodynamic flow to the amplitude,
correlation area, spectrum shape, and phase relationship of surface pressure
fluctuations and connecting these to the far-field acoustic esmplitude,
directivity shape, and spectrum shape. If all these quantities were measured,
it would be possible to (1) accept some analyses as providing good agreement
with data for conditions and directions at which the assumed aerocacoustic
mechanism should dominate, (2) reject some analyses as clearly contradicted by
data, and (3) improve some analyses by revising key assumpticns to provide
agreement with data. The combination of analyses which survives this
examination could then have its total prediction compared with available far-
field data for practical engine installations in which several noise
mechanisms exist.

\n



ANALYTICAL METHODS

Incidence Fluctuation Noise

A orocedure for caiculating dipole noise caused by incident turbulence
was developed by Sharland (ref. 1), who expressed overall acoustic pressure in
terms of a fluctuating lift force. This was written as a product of dynamic
pressure, mean square turbulence in the upwash direction, and an effective
1lift coefficient slope. In order to match his data, this 1ift slope was taken
as approximately half its steady-state value. It is now known that for calcu-
lation of overall sound pressure level, the effective lift coefficient slope is
a function of the ratio of turbulence integral scale length to airfoil chord.

Noise caused by incident turbulence thus is viewed as caused by 1lift
force fluctuations generated by fluctuations of angle of attack associated
with upwash turbulence. Noise from turbulent fluctuations of streamwise
velocity was examined analytically by Clark (ref. 2), who showed that it was
small relative to that from incidence fluctuation., Other details associated
vwith a dipole noise process have been verified experimentally for airfoils with
incidence turbulence. Measured directional patterns reported in refevences 1
and 3 varied approximrtely with cosine squared of the angle from normal to the
flow direction. Acoustic signals measured at equal distances above and telow
an airfoil were reportad in references L4 and 5 to be of equal magnitude =nd
opposite phase.

As improved theories were developed by Filotas (refs. 6 and 7) and
Mugridge (ref. 8) for predicting 1ift fluctuations in unsteady flow, attempts
were made (refs. 2 and 5) to evaluate the use of such theories for predicting
ncise spectra from airfoils in a measured spectrum of turbulence. The tests
reported by Dean (ref. 5) included surface loading data from pressure trans-
ducers at an airfoil quarter-chord. Assumirg that all pressure fluctuations
at a given point on the airfoil are caused by fluctuating incidence, the
spectral density & g of static pressure fluctuation can be related to the
spectral density ¢ , of normalized upwash turbulence Ve /R by

LS @

where CPa’ the rate of change of pressure ccefficient with angle of atteck,

generally is a function of chordwise pnsition, reduced frequency, turtulence
scale length, and Mach number. For incompressible flow and two-dimensional

turbulence, the chordwise distribution of Cpc!was shown by Sears (ref. 9) to
have the same shape as that for a two-dimensicnal fiat plate in steady flow.
Then Cpo? can be written as
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where chordwise distance x is positive downstream of mid-chord and Sg is
defined herein ag an effective Sears function for surface pressure fluctuation.
Then

B (o) 94, ®

can be determined experimentally for dif "arent chordwise positions. If the
turbulence could be represented by a series of two-dimensional gusts having
their axis parallel to the leading edge, Sg would be predicted (ref. 6) to be
independent of chordwise position and equal to the Sears function. The magni-
tude of the Sears function can be approximated (ref. 10, p. 411) by

‘50‘2 = o+k) [o + (ma+) k+21rk2]-', a = 0.8i (L)

or, at high frequencies
|s{,|2 = (|+z1rk)" (5}

where k is the unsteady-aerodynamics reduced frequency

k=we /RU) zwrfc/u = oSt (6)

and St is the Strouhal number or acoustic reduced fréqueney.

Three-dimensional turbulence is represented by a summation of gusts that
are skewed relative to the leading edge. As shown analytically by Filotas in
reference 6, skewed gusts cause the chordwise distribution of pressure
response to differ from the flat-plate distribution. Pressure fluctuations
become relatively larger near the lead:riz edge but the overall amplitude is



decreased. The equations for local pressure spectrum have not been evaluated
for incident turbulence. It is c.ear that for positions at and downstream of
mid-chord, the effective Sears function for pressure response should be less
than the two-dimensional Sears function.

In the absence of analytical solutions, the simplest approximation would
be to neglect distortion in shape of the chordwise loading distribution. The
effactive Sears function for pressure, at lcw reduced frequencies, would then
be approximately equal to the effective Sears function for lift force response
on a chordwise segment having negligible spanwise extent. This guantity was
evaluated numerically by Fllotas for isotropic turbulence and is shown in
figure 4 of reference 7. It decreases with decreasing ratio L of turbulence
integral scale length to airfoil half-chord and is approximately independent
of reduced frequency at low reduced frequencies. This low-frequency effective
Sears function was approximated by equation (35) of reference 7

2 Inl2+7?/®) (7)
S| = k <l
|Fl Ini2+3we/L2 <

This constant low value is caused by the spanwise variation of upwash. As
reduced frequency k is increased above 1/L, phase cancellation is predicted
along the chord. The resulting effective Sears function for 1ift force on a
narrow strip is approximated by equation (7) above with 1/L replaced by k.

At large reduced frequencies the resulting function decays as k ° which is
more rapid than k-l behavior of the two-dimensional Sears function, eguation
(5). Static pressure fluctuation should not be affected by phase variation
along the chord and should have the smalle:r high-frequency decay rate of the
two-dimensional Sears function. As a crude approximution, the effective Sears
function for pressure fluctuation at high frequencies would then be

g2 In(i2+w2/\) 1s2m/
S fni2+3w?/i2 142k

J>i/L

This would be rewritten as

0 l0g,, Sf (k) =10 109, ‘SF( ’L)‘z"o l0g,q |'5’u('/u|2+ |O|Og,o‘5° (k)r (9)



for comparison with values determined from turbulence and surface pressure
spectra by use of equation (3).

The above expressions were derived in analyses that neglected the effects
of compressibility. Such analyses are not valid when the acoustic wavelength
28 not large relative to the chord, or equivalently when the time required for
an acoustic signal to travel upstream from the trailing edge to the leading
edge is a significant fraction of the period. The c~'terion for which the
analyses should be affected by compressibility is

kM (-m" > (10)

Expressions for local loading distribution in two-dimensional, slightly
compressible flow (kM<1) have been derived by Osborne (ref. 11), Mean square
loading is proportional tc the Sears function evaluated at a larger reduced
frequency (and thus decreased in amplitude), divided by the Prandtl-Glauert
compressibility factor 1. For acoustics calculations, the predicted
compressible flow loading can be adequately approximated by the incompress-
ible-flow Sears function evaluated at the actual reduced frequency and with-
out the Pran.tl-Glauert correction.

Solutions have been developed by Adamczyk (refs. 12 and 13) for two-
dimensional and three-dimensional subsonic compressible flow at large reduced
frequencies. In this case, both th- turbulence scale length and the acorstic
vavelength are small relative to ti.e cherd. Thus the predicted loading
distribution tends - o resembie that for a semi-infinite flat plate. The local
loading response is predicted to vary inverp:ly wiiit reduced frequency like
the corresponding expression obtained from the incompressible-flow Sears
function. In contrast, compressibility causes a variation in phase such that
the integral of loading along the chord, for large kM, is predicted to vary
inversely with reduced frequency squared for tvo-dimensicnal unswept gusts.

As with incompressible flow, three-dimensional turbulence cr gusts in
subsonic compressible flow can be represented by a summation of gusts skewed
at different angles relative to the leading edge. The point at which a two-
dimensional skewed gust intersects the leading edge can have eitler subsonic
or supersonic velocity, depending on the Mach number and skew angle. If this
velocity 1s subsonic, the resulting, equation was shown in r«ference 12 to
resemble that fc three-dimension”l gusts and incompressible flow. If this
velocity is supersonic, the equation resembles that for two-_imensional gusts
and compressible flow, Fr* bolh of these solutions, the effective Sears
function for static prese r: fluctuation varies inversely with reduced
frequency squared., Thes: tails were examined in order to assure thnt the



effect on lift per un't span caused by chsnging from two-dimensional to
three-dimensional incompressible gustz, and the effect caused by changing
from incompressible to subsonic compressible two-dimensional gusts, should
not be directly multiplied.

The spectrum of mean square 1ift force generated by an airfoil in
incident turbulence can be written in terms of the turbulence spectrum and an
effective Sears function for lift force

¢ - (—é- Pu'f (cb)® (21rs‘>'._)2 , (11)

following the approach of reference 5. If this force distribution is
acoustically compact, it will generate dipole acoustic radietion in the far
field whose spectrum will have the amplitude

¢, - (Les8Y (22)
P 2ra F
Combining equations (11) and (12), the effective Sears function for lift
force is
2.2 ¢, /%, 13
{57 ccosa) / (13)

This quantity could be determined experimentally from measurements of far-
field acousiic spectrum and incident turbulence spectrum. At large reduced
frequencies it should be smaller than the effective Sears function derived
by Filotas (ref. 7) for lift force on a narrow strip because spanwise
variations of phase were omitted in that analysis. An approximate analytic
solution for SF2 was obtained by Mugridge as equation (3) of reference 6.
However, in the limit of large reduced frequency that solution reduces to a
product of the Sears function and a function of the ratio of turbulence
integral scale length to model span. Thus its frequency decay rate would be
that predicted for two-dimensional turbulence rather than the larger rate
predictad by Filotas (ref. 7) for three-dimensional turbulence.

10



If the model dimensions are not small relative to the acoustic wave-
length, regions which are nearly in phase with respect to their contributions
to aerodynamic lift may have acoustic contributions that differ significeantly
in phase. That is, the compact source assumption may not be valid. Mugridge
(ref. 14) has estimated that high-frequency rapid decay of the sound spectrum
from a compact acoustic source should occur for reduced frequencies nfc/U
greater than 3, and that noncompact-source phase cancenllation effects occur
for nwfc/a greater than unity. Thus, high-frequency acoustic effects are
inherently combined with acoustic noncompactness if the Mach number is greater
than 1/3. An approximate prediction of whole-body dipole source noise for
compact and noncompact sources was developed by Hayden (ref. 15). The
accastic transfer function (w a)2 for compact sources was replaced by the
quantity (w/a)2[1 + (w&/a)2] " where T is an otherwise undefined effective
radius of the acoustic source. Once the ratio of this dimension to a
geometric dimension such as chord or the square root of planform area is
known, the far-field sound spectrum of a noncompact lift force fluctuation
can be calculated. At large reduced frequencies referenced to both the flow
speed and speed of sound, power spectral density of far-field sound caused by
three-dimensional turbulence should decay at least as rapidly as inversely
with the fourth power of frequency. However, the actual calculation process
recommended by Hayden in reference 15 used the 1ift response equations of
reference 8 and yields a power spectral density that decays inversely with
frequency cubed.

In all of these methods, overall sound pressure level must be calculated
by computing the sound pressure spectrum and integrating over frequency.
Values of frequency-averaged rms lift coefficient are given in figure 5 of
reference 7 as a function >f the ratio of turbulence scale length to chord.
If these are inserted within Sharland's equation (8) of reference 1 for
overall acoustic power, that quantity will be overestimated as compared with
the i...egral of calculated power spectral density.

Trailing-Edge Noise

The earliest analytic solution for edge noise was that of Powell (ref.
16), who used dimensional analysis tc develop approximate predictions for
several noise mechanisms associated with a flat-plate turbulent boundary
layer. These were described as surface noise associated with turbulence far
from an edge, edge noise from streamwise and trailing edges, and boundary
layer noise and wake noise from quadrupoles in the turbulent boundary layer
and wake, Surface ncise was claimed to vanish, using an approach similar to
that by which Sharland (ref. 1) later found it to be two orders of magnitude
smaller than most other types of noise for an isolated airfoil, Edge noise,
caused by turbulent eddies very near a sharp edge, was shown to be propor-
tional to the product of turbulence intensity squared and velocity to the

11



fifth power, For this case of boundary layer turbulence, it was given by
equation (12a) of reference 16 as proportional t» velocity raised to the 4.6
power., Power spectral density was found to vary inversely with frequency
cubed at high frequencies. Directivity was stated to be biased in the
upstream direction but was not determined explicitly.

More recently, Ffowcs Williams and Hall (ref. 17) obtained solutions for
noise caused by quadrupoles in a turbulent stream near a sharp leading or
trailing edge of a long piate relative to the acoustic wavelength. Intensity
was found to vary with velocity to the fifth power, as would have been
obtained in equation (12a) of reference 1& if the dependence of turbulent
velocity fluctuation on Reynolds number hac been omitted from equation (2)
therein. Intensity was shown to be maximum in the direction within the plane
surface (downstream for a sharp leading edge and upstream for a sharp
trailing edge) and to vary with cosa(e/z) vwhere 6 is the angle from the plane.
This directivity agrees with the qualitative result of reference 16. Edge
noise would therefore be expected to vary with velocity to the fifth power and
to have a distinctive single-lobed directivity pattern. For edges with large
half-angles, the velocity exponent was shown in reference 18 to be equal to
4L + 2/n for an exterior wedge angle nn. Thus the exponent should increase
from 5 for a cusp to 5 1/3 for an included right angle and 6 for a surface
perpendicular to the flow.

Using a slight modification of the notation of reference 17, rms
intensity of edge noise caused by one eddy is given by equation (15) of
reference 17 as

pku“vza2

__pkuva 2
Todge - SopZad % 8/2) (1k)

where k is the wave number, V is the volume of the turbulent eddy, « is the
normalized turbulence velocity intensity, and § is the correlation radius.

The quantities p, U, a, and R are the density, velocity, and speed of sound of
the uniform flow in which the edge is immersed, and distance from the edge to
a field point. From the paragraph following equation (15) of reference 17,

k=mwU/a 8§ (15)

and the volume of each turbulent eddy probably can be approximated by that of
a sphere with radius §

12



v =(4/3) w8 (16)

Mean square acoustic pressure is given by

T :pol (17)

so the mean square acoustic pressure for edge noise caused by one eddy would
be given by the following equation:

PZgoe ™ 6/9) (p%/a) U® a® B/R)" cos? @r2) (18)

A trailing edge normal to the flow and having spanwise extent L would he
expected to have roughly L/ (25) eddies near it. Thus the mean square
acoustic pressure for edge noise radiated by the entire edge vwould be

;!-m = (8/9) (pz/ﬂ) Usaz (al. /Rz) COSZ 672) (19)

This quantity is proportional to velocity to the fifth power, turbulence
intensity squared, and the product of correlation ra2ius and spanwise
dimension.

Solutions for acoustic pressure spectra of edge noise caused by boundary
layer turbulence and by isotropic turbulence had been developed by Chase
(ref. 19). As noted therein, integration of these spectra to obtain mean
square acoustic pressure gives the same functional dependence as that of
reference 17. Because turbulence properties are described differently in the
two analyses, absolute levels cannot be compared directly. The autospectrum
of point pressure in isztropic turbulence, as given by equation (36) of
reference 16, has a frequency dependence given by

0 ok wani?] ™

13



which is independent of frequency at low reduced frequencies and varies
inversely with frequency to the 7/3 power at high reduced frequencies. Here
the conciant K is a function of the distribution of energy within different
eddy siz:s and of the eddy convection velocity. The corresponding pover
spect~s' density of acoustic pressure can be obtained from equation (41) of
reference 19 as proportional to

w'o/3 [I +K (mB/U).Z].M3

At high reduced frequencies this factor varies inversely with frequency to
the -10;3 povwer, in good agreement with Powell's early estimate (ref. 16) of
an inverse frequency cubed dependence. The frequency factor approaches a
constant as reduced frequency approaches zero, but as noted in reference 19
the analysis is not valid near that limit. Measured edge noise spectra were
shown in figure 4 of reference 19 to be correlated when plotted as wn/U?
against a scaled frequency w/U and to decay approximately inversely with
scaled frequency to the -10/3 power at large values of scaled frequency.
Rather than being constant at small values of scaled frequency, they increased
strongly with frequency (roughly, with frequency to the fifth power}. A more
recert solution by Chase (ref. 20) used a revised expression for turbulence
and g>t a frequency exponent of -8/3.

Hayden (refs. ., and 21) has used a dimensional analysis cimilar to that
of Powel: {ref. 16) in which acoustic intensity of trailing edge noise was
assumed proportional to the product of freguency squared, mean sguare pressure
fluctuation, spanwise correlation length, and edge length. Spanwise correla~-
tion length was assumed by Hayden in references 15 and 21 to vary inversely
with jet velocity while in reference 16 the relevant velocity was assumed by
Pcwell tc b2 the speed of sound. Thus, Hayden predicted that trailing-edge
noise shouli vary with, the sixth rather than the fifth power of velocity.
Normalized one~-third-octave spectra and overall levels are given in figure €
of reference 1% :; proportional to

ué (SL /Rz) cos? (8/2)

From equation (5) of reference 15, overall sound pressure level can be
calculated frum

NAZPL =10 log, (a”l_us)-ao log,, R +10log [e'.in2 ¢ cos? (6/2)] + constant  (20)

1k



where U is the maximum jet velocity at the edge (fps), 8§y is the distance
from the surface to the maximum-velocity position, and L is the spanwise width
between positions at which the local maximum of jet velocity is half of the
largest maximum. The distance R from the center of the trailing edge to the
far field has the same length dimension units as the jet chickness and width,
and ¢ is the sideline angle (zero or n in the sideline direction, n/2 in a
direction normal to the plane surface). The constant is equal to -18.5 if the
Jet has a potential core extending to the trailing edge, -13.5 if it has
considerable viscous decay in all directions (radial decay region), and -16.5
for an intermediate type of flow. In the context of other analyses, these
represent a change in the ratio of rms velocity fluctuation to local mean
velocity by a factor of about 1.8.

Normalized one-third-octave spectra were given by Hayden in figure 6 of
reference 15. In the radial decay region they correspond to a PSD that varies
inversely with frequency cubed at high frequencies and directly with frequency
to the first power at low frequencies. The curve for the potential core
regime would have a SPL that decays inversely with frequency to the fourth
pcwer at high frequencies and increases at about the same exponent at low
frequencies. Thus one empirical curve has a high-frequency decay rate close
to that predicted by others but has a relatively small increase at low
frequencies. Another has a more rapid decay at high frequencies than was
predicted in reference 16 and 19 but has a very steep increase at low
frequencies as was shown in a data correlation within reference 19,
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APPARATUS AND PROCEDURE

Acoustic Research Tunnel

The UARL acoustic wind tunnel permits the concurrent measurement of both
near- and far-field aerodynamic noise and the unsteady static pressures on
surfaces of airfoil models. A detailed description of this tunnel was given
in reference 22. The acoustic research tunnel, shown in figure 1, is of the
open-circuit open-test-section type. Use of an open circuit and a muffling
section with two right-angle bends and parallel baffles downstream of the
diffuser greatly reduces the contribution of the tunnel fan to the test
section ambient noise level. The free-jet test section has a two-stage nozzle
that provides nominal maximum velocities of 80 m/sec (270 fps) and 205 m/sec
(670 fps) at flow cross section areas of 0.93 and 0.42 sq m (10 and 4.5 sq ft),
respectively. For these tests the smaller cross section area, 0.79 m (31 in.)
high and 0.53 m (21 in.) wide, was used with a 1.2k m (49 in.) open jet
length. By locating the free jet within a 5.5 m (18 ft) long, 4.9 m (16 ft)
high, and 6.7 m (22 £t) wide anechoic chamber, reflection-free canditions are
obtained above the 270 Hz free-field cutoff frequency (99% absorption at
normal incidence) determined by the acoustic wedge dimensions. The chamber
has been found to be anechoic within a 200 Hz to 20,000 Hz range of calibra-
tion frequencies for broadband noise. Measurements can be taken in the
acoustic far field within the chamber but outside the high-velocity airstream.

The inlet section has a contraction ratio of 16.5 for the smaller test
section area. It is equipped with five removable screens and a high length-
to-diameter honeycomb section. These provide controlled turbulence levels
with a minimum value less than 0.2% in the test section. Grids can be
inserted at the junction of the two nozzle contractions to provide a range of
turbulence levels. The test section airflow is brought into the diffuser by
a collector that has anechoic treatment on its flow-impingement lip. The test
section collector and three-stage diffuser have been designed to avoid local
flow ceparation. The 1500 hp electric induction motor and the acoustically
lined muffling sections on both sides of the centrifugal fan were selected to
reduce noise radiated from the tunnei drive system.

Jet Exhaust Equipment

Clean dry air for jet exhaust tests is obtained from a large air storage
system at 2.7 x 103 kN/m2 (LOO 1b/in.2) nominal supply pressure. As sketched
in figure 2, this air passes through a flow control valve, flow straichteners,
a flowmeter, another flow control valve, three 0.915 m (3 ft) noise muffless
in series, and a straight pipe. Each of the three tubular mufflers has a
dynamic insertion loss greater than 35 dB in the 850 and 1700 Hz mid-frequency
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octave bands for noise propagating in the flow direction at flow rates of
these tests. The straight pipe was approximately 2.9 m (9.5 ft) long and had
an 0.15 m (6 in.) inside diameter. It ended at a fitting that provided smooth
transition to an 0.049 m (1.925 in.) exit diameter axisymmetric nozzle
contoured to give uniform exit flow. The pipe passed into the anechoic
chamber which contains the test section of the acoustic research tunnel and
vag aimed at a large door in this chamber. This door was opened to allow
undisturbed exit of the jet. The nozzle centerline was 1.07 m (42 in.) above
the tips of the floor anechoic wedges.

Exhaust velocity was defined as that for isentropic expansion from the
stagnation pressure and temperature measured near the start of the straight
pipe to a static pressure equal to ambient pressure in the chamber. Stagna-~
tion temperatures for these tests generally ranged from about 4 C to 10 C
(LO F to 50 F) as did the static temperature within the anechoic chamber.
Velocity was set by maintaining the difference between stagnation pressure
and atmospheric static pressure at predetermined values within about 2.5 wm
(0.1 in.) of water at pressure differences less than about 16 kN/m (70 in. of
water) and about 2.5 mm (0.1 in.) of mercury at larger pressure differences.

Airfoil Models

Two airfoil models were used in this investigation. One model was an
instrumented flat plate which represents a hard-wall splitter plate, engine
duct strut, or wing with retracted flaps. This model, shown in figures 3 and
4, had 46 em (18 in.) chord and 53 cm (21 in.) span. It had constant 2.5L cm
(1.0 in.) thickness except for the cylindrical leading edge and the aft
6.35 em (2.5 in.) which had circular arc upper and lower surfaces and &
nominally sharp trailing edge. This model thickness was chosen to allow easy
installation of conventional 0.635 cm (1/4 in.) condenser microphones mounted
on right-angle adaptors and preamplifiers. Microphones were flush mounted
- i{thout protective grids on both the upper and lower surfaces at positions
«..fset 0.5 cm (0.2 in.) from mid-span at three chordwise locations: 5 cm
(2 in.), 23 cm (9 in.), and 41 cm (16 in.) downstream of the leading edge.
These positions were rhosen because, for the chordwise loading distribution
predicted for two-dimensional turbulence at low frequencies and incompress-
ible flow, surface pressure fluctuation levels at the forward and aft posi-
tions would be 9 dB larger and smaller, respectively, than at mid-chord.
Also, if the forward and mid=-chord microphones were in the two-dimensional
far field of noise originating at the trailing edge, signals from these two
positions would be predicted to differ by 5 dB.
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This flat plate model could be mounted in the wind tunnel test sectiom

between sidewalls at zero incidei.ce and each of two positions sketched in
figure 5. Noise caused by incidcat turbulence was examined with the airfoil
in the tunnel center plane and its leading edge 27 cm (10.5 in.) downstream
of the nozzle exit. Sidewalls were used because noise from portions of an
end-plated model .that are within the thin low-turbulence sidewall boundary
layers is much smaller than noise from portions of an airfoil that extend
through thick high-turbulence shear layers. Trailing edge noise caused by
turbulence convected past a sharp trailing edge was examined with this air-
foil raised and moved forward to the nozzle exit. The airfoil's rounded
leading edge was faired into the test section nozzle and the flat lower sur-
face became an extension of the nozzle (fig. 5). In both positions the model
was attached to the sidewalls.

The other airfoil model had 23 cm (9 in.) chord, 53 cm (21 in.) span, and
an NACA 0018 airfoil section. As shown in figure 6, it contained sliders at
30% and 70% chord that could be moved manually within keyhole-shaped slots
that extend to the airfoil surface. A 0.635 cm {1/4 in.) flush-mounted
microphone with its right-angle adaptor and preamplifier was .onteined within
each slider and could be traversed along the airfoil span. Four fixed flush-
mounted microphones were installed in a chordwise row at one-third gpan and
20, 30, 62, and 80% chord. (The number of active microphones was limited by
space available for cables and preamplifiers.) The airfoil was mounted
between circular end-plates and could be rotated about 30% chord within a
support stand. For tests representing an under-the-wing externally blown
flap, the leading edge at zero deflection was 2.5 cm (1.0 in.) beneath and
2.5 cm (1.0 in.) downstream of the 1lip of a 4.9 cm (1.925 in.) diameter
convergent nozzle, Airfoil position relative to the nozzle, and relative to
lines of constant mean square pressure fluctuation of an undistorted jet as
determined from reference 23, is sketched in figure 7 for -10, O, 9, 18, and
30° deflection. At zero deflection (fig. 7b) the scrubbed surface was
approximately along a line on which the pressure fluctuation was 80% of
maximum, and at 9° the scrubbed surface was in line with the nozzle lip where
pressure fluctuations would be largest. The two larger angles placed the
airfoil trailing edge either on the extended nozzle centerline or in line with
the nozzle opposite lip. For tests that represented an over-the-wing
(upper surface blowing) externally blown flap, the leading edge at zero
deflection was 2.5 em (1.0 in.) above and 2.5 em (1.0 in.) downstream of the
nozzle 1lip. Airfoil position relative to the nozzle and relative to lines of
constant mean square pressure fluctuation of an undistorted jet for this
installation are sketched in figure 7a for -10° deflection ansle. Because
the airfoil leading edge moved intc the jet as negative angle was increased,
the ‘et became split between the airfoll surfaces and did not detach from the
airfoil scrubbed surface with increasing deflection angle.



Acoustic Instrumentation

Far-field noise spectra and surface pressure spectra were measured with
commercially available 0.635 cm (1/4 in.) condenser microphones. Frequency
response of these microphones to pressure fluctuations is flat from 6 Hz to
20,000 Hz. Free-field directivity corrections at grazing (90°) incidence are
less than 0.2 4B at frequencies to 16,000 Hz and about 0.5 dB at 20,000 Hz
without the protecting grid. Far-field microphones vwere oriented at grazing
incidence and used without the protecting grid. To permit flush mounting the
microphones in the airfoil models as sketched in figure 6, right-angle
adaptors were used. Each microphone and adaptor was clamped in a bracket that
was attached to the airfoil by set screws. These set screws were adjusted to
optically aline the microphone diaphragm with the airfoil surface,

Atmospheric attenuation of the far-field acoustic data was calculated as
about 0.1 4B at 10 kHz and O.4 dB at 20 kHz. Because this correction is
approximately ~qual and opposite to that for free-field directivity of the
microphones, no corrections were applied to the measured sprctra.

Far-field sound pressure levels and surface pressure fluctuation levels,
cited herein as SPL and surface SPL, respectively, were measured in decibels
referenced to 2 x 10~2 newtons per square meter (2 x 1074 microbar). All
microphones were calibrated daily with a 250 Hz pistonphone.

For all tests, far-field microphones were located at three positions on
an arc of 2.14 m (7 f£t) radius in a vertical plane through the wind tunnel or
jet nozzle centerline. The microphones were at 60°, 90°, and 120° angular
position relative to the undeflected flow velocity. The microphone arc was
centered at the flat plate tralling edge for the plate upper position, mid-
chord for the flat plate lower position, and the center of the axisymmetric
nozzle for the jet scrubbing noise tests.

Test Conditions and Procedures

Background noise measurements were obtained at the far field measurement
locations of the acoustic wind tunnel without an upstream grid and with each
of two turbulence grids at five test velocities. Hot wire measurements of
transverse and axial velocity fluctuation spectra produced in the test
section by these grids had been conducted at other airspeeds within another
test program. Wind tunnel velocities for the tests described herein were
31.5, 50, 80, 125, and 177 m/sec (103, 164, 262, 410, and 580 ft/sec). The
lower velocities divide the nominal operating range of this test section2>§
approximately equal logarithmic increments that differ by multiples of 2 .
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Comparison of one-third-octave spectra measured at different velocities is
facilitated by use of this spacing. The highest velocity was the maximum
test section velocity that could be obtained with the turbulence grids.

Because wind tunnel turbulence grids could be chsngei ecanily without
disturbing the model and fesr-field instrumentation, *e=ts werc¢ conducted
through the range of turbulence levels ut constant flot plate model positions.
Surface and far-field one-third-octave spectra were autcmatically plotted
on-line. These data were monitored during each run for qualitative comparison
with expected trends. Additional one-third-octave or constant-bandwidth
spectra in other ranges of frequency were obtained if unusual effects vere
noted. Combinations of microphones that would be expected to have strong
signal coherence were then chosen for cross correlation. Autocorrelations
and cross correlations could be displayed on an oscilloscope to assure that
signal delay times were consistent with the assumed noise origins and
propagation path lengths. After satisfactory results were obtained, the
correlation functions were automatically plotted on-line.

This procedure was followed at each of the three turbulence levels with
the flat plate airfoil in its upper position. The airfoil was then lowered
to mid-height of the test section and moved aft, the far-field microcphones
were lowered to their new positions, and the above process was repeated at
each turbulence level.

Jet scrubbing noise tests were conducted at 125, 160, 200, 250 and
295 m/sec (410, 525, 656, 820, and 967 ft/sec) jet velocities. These
velocities differ by multiples of 21/3 except for the highest velocity, which
was somewhat smaller tc avoid supersonic jet velocities and shock wave noise.
The lowest and three highest of these velocities correspond to the nominal
nozzle pressure ratios of 1.1, 1.25, 1.4, and 1.7 that have been used in NASA
model tests of EBF noise (e.g., ref. 2L). Surface and far field one-third-
octave spectra were obtained on-line for all jet velocities at each deflection
angle that corresponded to an under-the-wing EBF installation. At several
velocities, the sliders were moved spanwise and spectra were monitored on an
oscilloscope to determine the lateral extent of significant surface pressure
fluctuations. Spectra and filtered surface-to-surface cross correlations were
obtained at selected spanwise locations. 3urface to far-field cross correla-
tions also were obtained for use in relating local surface pressure fluctua-
tion to local acoustic source strength. The airfoil model was then moved to
its over-the-wing EBF position and the above process repeated. OChear layer
refraction effects on far-field ncise measurements were calculated for 1ift
dAipole directivity as expected frr noise caused by incident turbulence. As
can be inferred from the calculated dictortions of directivity shown in
figure 2 of reference 22, thece effectr were lecs than 1 dB for the velocitles
and microphone positions of this test program. Correctionc for thece effectr
were not applied.
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Grid-Produced Turbulence

Turbulence was generated in the test section of the acoustic research
tunnel by use of grids in the contraction nozzle (fig. 5). The flow cross-
section area at the nozzle exit was 45% of that for the grid location. Grids
used in these tests are denoted as the large and medium grid; a smell grid did
not raise the tunnel turbulence level enough so that clearly measurable noise
would be expected. Turbulence streamwise integra.. scale lengths were deter-
mined from autocorrelation of the hot wire measurement of axial velocity
fluctuation at four velocities from 26 ho 67 m/sec. These measurements were
conducted at mid-span, mid-height, and approximately the axial position that
would be occupied by the flat plate airfoil's leading edge in tests of ncise
caused by incident turbulence. This streamwise integral scale length was
found to be approximately 3.2 cm (1.27 in.) for both grids and the test range
of velocity. Transverse integral scale length was determined from cross
correlation of hot wire measurements from two probes, one at the centerline
and the other moved spanwise, to be approximately 1.9 cm (0.75 in.). This
distance was about 60% of the streamwise integral scale length and exceeds
the 50% ratio expected for isotropic turbulence. Precisely isotropic behavior
had not been expected because of the nozzle contraction downstream of the
grids. Measured normalized spectral distributions of streamwise turbulence
for both grids are compared in figure 8 with the analytic expression

UE 2]
T afi+(2min/u? (21)

given by equation (1-95) of reference 25 for isotropic behavior. This equa-
tion, which includes streamwise velocity, power spectral density, mean square
velocity fluctuation, mean velocity, turbulence integral scale length, and
frequency gives a reasonable prediction of these spectra. However, the
measured high-frequency decay rate was smaller than inversely with Strouhal
number squared as is given by the equation. The data are more closely approx-
imated by a decay inversely with Strouhal number to the 5/3 power, shown as a
dashed line.

Stre-mwise and transverse rms turbulence intensities were found to be
approximately equal within about 5% and to vary within about 15% over a
transverse distance of about 21.6 cm (8.5 in.) from the centerline (within
about 5 cm (2 in.) from one sidewall). Measured streamwise rms turbulence
intensities are plotted in figure 9 for both grids, a range »f free-ctream
velocities, and axial positions corresponding roughly to the flat plate air-
foil's leading edge, mid-chord, and trailing edge in tests with incident



turbulence. Turt  ence intensity decreased with increasing velociiy and
increasing streamw!se distance, and was about 2/3 as large for the medium grid
as for the large grid., Intensity varied approximately with velczity to the
-0.2 power and decayed at midchord to about 86% of its value at the leading
edge but had 1little change from there to the trailing edge. Empirical curves
(straight linez on a logarithmic plot) were fit to these data to allow »redic-
tion of turbulence at higher velocities. These curves and their ejuation are
also given in figure 9.

Background Noise

Measured background noise spectra of the acoustic research tunnel ut
a turbulence grid are given in figure 10 for microphoue direction angles 600,
90°, and 120° from the downstream direction. The microphones werc on a
vertical are of 2.13 em (7 ft) radius centered at a point 46 cm (18 in,)
downstream of the nozzle upper exit lip and in the latersl plane of symmetry.
This center point was the flat plate airfoil's trailing edge location when
the airfoil was in its upper position for tests c¢f trailing edge noise. One-
third-octave spectra are shown for center frejuencies from 200 to 20,000 Hz;
the chamber is not anechoic to broadband noise below 200 Hz center frequency
(ref. 22). 1In these tests, tabs with triangular aft portions (fig. L4 of
ref. 22) protruded into the upper and lower shear layers to prevent edge
tones caused by feedback between the collector and nozzle. These tabs
generated the relatively flat high-frequency portiecns of the spectra which
were spaced at increments of about 12 dB at successive lower velocities and
9 4B between the two highest velocities. These incremen.s correspond to a
sixth-power dipole velocity dependence but the amplitudes had little variation
witi direc:ion angle. The low-frequency par:t of the spectra had a rapid decay
with increasing frequency and maximum amplitude in the direction perpendicular
to the flow.

Measured background noise spectra in these three directions and with each
of two turbulence grids are given in figure 11. Nozz.e tabs were installed
for these runs. Background noise was increased markedly by the presence of
upstream turbulence, This noise generally was stronrest in the downstream
direction and is attributed to impingement of the turbulent shear layer onto
the collector. Increacing the grid size from medium to larpe. which increased
the turbulence level, raised the noice level at low frequencie. .

Unexpectedly, background noise at high frequencies was larger for the nedium
than for the large grid.
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Background noise also was meacured with the micropt .s moved downward
39 cm (15.5 in.) and downstream 4 cm (1,5 in.). In this position they derined
an arc centered at mid-chord of the flat plate airfuil in its center position
for meesurement of incident turbulence noise. One-third-octave sound pressure
levels were within one dB of those shown in figure 11 and are rct givan herein.

Jet mixing noise spectra of the exhaust nozzle used for scrubbing ncise
tests are compared in figures 12(a)-(c) with those calculated by the semi-
empirical method of reference 26. That method is based primurily on jet noise
measurements obtained at NASA Lewis Research Center. Lata of these tests for
directions 90° and 120° from downstream agreed with the calculated spectra
within 2 dB, the typical scatter cited in reference 26, except for the lower
frequencies and lower velocities. At jet velocities less than 125 m/sec
(410 ft/sec), me:sured one-third-octave spectra did not decay with decreasing
frequency at Strouhal numbers less than about 0.2. This excess low-
frequency noise caused measured overall sound pressure levels tc vary less
rapidly with decreasing Jet veloclty. Excess noise is a familiar property
of jet noise measurements at low exhaust velocities. The data given in
references 2k and 26 do not extend below 130 and 123 m/sec (426 and L09
ft/sec), respectively, and do not appear to contain excess noise, in agree-
ment with results of these tests. The spectra measured in these tests at a
direction angle 60° from downstream (fig. 12c¢c) have ap t> 3 dB scatter about
the predicted curves. The spectrum shown for 200 m/sec (565 f£t/sec) jet
velocity is about L 4R above what would be expected by interpolation of

spectra for adjacent velocities and may have been affected by an incorrectly
recorde. mplifier ¢:tting.



RESULTS AND DISCUSSION

Trailing Edge Noise

Presentation of Data. - Typical measured one-third-octave spectra on the
airfoil surface ard in the far field are shcwn in figure 13 for the large
grid. Trailing edge tabs were not used with the airfoil when used as a nozzle
extension; the shortened streamwise extent of open shear layer apparently
prevanted edge tones at frequencies of interest. Refraction of sound by the
shear layer was —eglected because the trailing edge was no*t below the shear
layer. The upper spectrum is that measured at the aft microphone 5 cm
(2 in.) ahead of the trailing edge on the lower surface scrubbed by turbulent
flow generated by the large grid. Approximately the same spectra were
measured by all of the microphones an this scrubbed surface. This spectrum
shape would be expected to be a composite of grid-generated turbulence at low
frequencies, convected at the flow speed and impressed across the boundary
laver, and the nozzle wall turbulent boundary layer at high frequerncies.
Static pressure fluctuations produced by turbulence within the free stream
would be expected to have a power spectral density (PSD) that decayed
inversely with frequency to the 7/3 power at high frequencies. The corre-
sponding one-third-octave slope of -4 4B per octave is shown to match a
pcrtion of these spectra At higher frequancies the spectra tend to level off
and then decrease steeply. Here the spectra were dominated by fluctuations of
the wali boundary layer. An underestimate of this boundary layer spectrum is
provided by the spectra measured at this microphone for the low free-stream
turbulence achieved without an upstream grid, also shown in the figures.

Such spectra would have slowly increasing PSD at low frequencies (one-third-
octave slope somewhat larger than 3 dB per octave) and an apparent rapid

decay at high frequencies caused by averaging of pressures over the relative-
ly large sensing area of the transducer. Increased free-stream turbulence
would raise the turbulence level within the boundary layer. Thur the actual
contribution of the wall boundary layver to pressure fluctuations measured at
the surface when an upstream grid was installed was larger than that shown

for runs without the grid. The nc-grid spectrum thus cannot merely be sub-
tracted from the aft scrubbed surface spectrum to yield the portion of the aft
scrubbed spectrum caused by free-stream turbulence.

The next largest spectra shown on these curver are trn~nse measured on the
aft unscrubbed surface for runs with the large grid. ‘Inlike the spectra
measured on the scrubbed surface, these decay at the relatively large rate

(PSD varying aprroximately inversely w. frequency cuted, one-third-octa e
spectra decay € dB per octave) expected for trailins edge nnise. 'here
measurement pcsitions on scrubbed and unscrubbe- © r2 less than two
streamwise integral scale lengths ahead f t+ .ages, but sound
pressure levels were 10 to 22 dB apart . s and 20 to 30 4B
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apart at high frequencies. Static pressure fluctuations caused by convected
turbulence on the scrubbed surface, varying with velocity to the fourth power,
always were much larger than the near-field acoustic pressures which varied
approximately with velocity to the fifth power. Because of these lower
amplitudes and rapid decay with increasing frequency, pressure spectra on the
unscrubbed surface decayed into the background noise at high frequencies.

The spectrum measured at the middle microphone on the unscrubbed surface
also is shown. This position was 4.5 times further from the trailing edge
than was the aft microphone. Spectra for these two positions were similar in

shape. Because these microphones were relatively near the trailing edge, one
might expect the variation of acoustic intensity with distance to be that for
a line source (inverse with radius) rather than that for a point source
(inverse with radius squared). Thus a 6.5 dB difference between amplitudes
measured at these positions had been expected. The measured difference was
about this large at the lowest velocity of 31.5 m/sec (103 ft/sec) but was
smaller (about 3 dB) at large velocities.

The lowest spectrum shown is that measured in the far field at a direc-
ti-n 120° from downstream. Far-field data for trailing edge noise were not
corrected for background nolse because the presence of the plate and absence
of nozzle tabs would have altered the background noise. Spectra measured at
90° from downstream, not shown, were about 2 dB smaller at low frequencies.
This difference is consistent with the 1.75 dB decrease expected for the
angular directivity of trailing edge noise. Values measured at 60° from
downstream were about as large as or larger than those 120°, contrary to the
expected directivity. These higher levels of uncorrected spectra are believed
to arise from collector noise, as was established from cross correlations to
be discussed below. The measured far-field spectra generally decreased
rapidly with increasing frequency at low frequencies and decreased moderately
at middle frequencies. Levels measured at middle and high frequencies with
the airfoil and without tabs were about as large as background levels
measured without the airfoil but with nozzle tabs.

Spectra measured for the same microphone positions and test velocities
but with the medium grid are presented in figure 14. The trends are the
samz as those discussed for tests with the large grid, but amplitudes at low
frequencies are smaller and the spectra are dominated by grid turbulence and
trailing-edge noise for a smaller range of frequency.

Cross correlations of measured spectra were utilized to validate the
assumed trailing edge noise process. Amplified signals were sent through
adjustable matched filters prior to correlation. A high-pass filter was
needed to remove a tone at the tunnel fan shaft rotation frequency near 30 Hz;
this tone is known to propagate up the diffuser and, of course, produces a

well-correlated signal at microphones on the model and in the anechoic chamber.
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Filtered cross correlations were cbtained for spectra measured at the middle
and aft positions on the scrubbed surface at several velocities. At each
velocity, meuasured coherence (cross correlation, normalized by the square
root of the product of autocorrelations evaluated at zero time delay) was
maximum at a time roughly given by the ratio of separation distance to free-
stream velocity. Coherence at fixed axial spacing varied approximately
directly with velocity. Also, cross-correlation of microphones on the
unscrubbed side gave peaks at delay times corresponding to upstream propaga-
tion at the velocity of sound as would be expected for noise from the
trailing edge, tunnel collector, or tunnel drive system.

Cross-correlations between the aft scrubbed microphone and the far-fieid
microphone 120° from downstream are shown ir. figure 15a for 31.5 and 5C m/sec
(103 and 16k ft/sec) velocities. Because sound pressure is proportional to
the first derivative of surface pressure, the delay time of interest is that
for which the coherence is zero and has maximum negrtive slope between
positive and negative peaks (see ref. 27). The zero crossings between
meximum-amplitude peaks occurred at roughly the sum of fluid convection t.me
to the trailing edge and acoustic propagation time to the far field, as
expected for noise originating near the trailing edge. When this aft scrubbed
microphone was cross-correlated with the other far field microphones (not
shown), this region of largest positive and negative coherence decreased in
amplitude but remmined constant in time delay as expected. However, the small
region of positive coherence shown in figure 15a for delays of 4 to 5
milliseconds increased in amplitude and shifted to smaller delay times with
increasing downstream pcsition and constant radial distance from the trailing
edge. These delay times at local maximum coherence correspond approximately
to the diiference between times required for an acoustic wave to travel from
the wind tunnel downstream collector lip to the far field positions and to the
surface microphone. That is, both the far field microphones and the airfoil
aft scrubbed microphone were detecting drag dipole noise caused by the shear
layer striking the collector lip. Dlelay times for these secondary peaks were
approximately unaffected by test section velocity as would be expecied for
sound waves traveling outside the tunnel airfiow until they neared the air-
foil trailing edge.

To establish that the pressure fluctuations measured >n the unscrubbed
side were sound waves gererated at the trailing edze by turbulence convected
alcng the serubbed surface, the aft scrubbed microphone was cross-correlated
with the middle unscrubbed microphone. This cross-correlation is shown in
figure 15b for 31.5 and 50 m/sec (103 and 164 ft/sec) velocities. At both
velocities, the delay time at zero coherence was the sum of the time
expected for turbulence to be convected from the aft microphone *o the
trailing edge at the free-stream velocity and the time expected for a sound
wave to travel upstream adjacent to the unscrubbed surface. is result
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confirms that the acoustic signal was generated by turbulence convected ;ast
the trailing edge. Cross-correlations between other pairs of microphones on
the scrubbed and unscrubbed surfaces validated this conclusion.

Autocorrelations (not shown) were smooth damped oscillatory functions
that were approximately symmetrical about zero time delay. The autocorrela-
tions of scrubbed-surface microphones had no local irregularity at delay
times corresponding to the sum of fluid convection time to the trailing edge
and acoustic wave propagation time upstream to the microphome. This absence
of a secondary peak would be expected from the measured spectra on scrubbed
and unscrubbed surfaces; the acoustic pressure fluctuations were much weaker
than the pressure fluctuations of turbulent flow.

Comparison With Theories. - According to the analyses of Ffowcs Williams
and Hall (ref. 17) and of Chase (ref. 19), one-third-octave spectra of trail-
ing edge noise should agree when intensity is normalized with respect to
velocity to the fifth power &nd mean square turbulence amplitude. Frequencies
should be normalized with respect to transverse turbulence integral scale
length and flow velocity. Far-field spectra at the microphone 120° from
downstream were normalized in this menner and the resulting adjusted spectra
are shown separately in figure 16 for the large and the medium grid. The
resulting normalized spectra are coalesced over the test range of a factor of
5.6 in velocity ratio (a factor of 7.5 dB) by use of this fifth-power velocity
law. The high-frequency portion of the spectrum at the highest test velocity
was in worst agreement with this adjustment. For the medium grid, this
portion of the data followed a sixth-power velocity law and hed a smaller
frequency decay as with wind tunnel background noise.

According to Hayden's analysis (ref. 15), cne-third-octave spectra of
trailing edge noise should agree when intensity is normalized with respect to
velocity to the sixth power. Turbulence level does not enter directly into
the prediction method, but its effect is implied by the need to choose one of
three flow regions for which empirical curves are given. The tests described
herein had a uniform potential core along the model span and for considerable
distance normal to the surface so they should correspond to Hayden's potuntial
core regime. Other fiows, denoted the characteristic decay and radial decay
regions, had relatively thicker mixing regions and presumably larger
turbulence levels. The adjustment parameter of reference 15 for standard
atmospheric density and speed of sound was modified to apply for velocities
measured in m/sec rather than ft/sec, and the resulting prediction curves for
the extreme cases of the potential core region and radial decay regions are
shown in figure 17. Also shown in this figure are the spectra previcusly used
in figure 16 but plotted according to this other adjuctment parameter. The
spectra measured for different velocities are spread out between the two
prediction curves and also fall below the lower curve. Clearly. this
parameter does not coalesce the data of this investigation.
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The data bands for the two sets of data in figure 16 are overlaid in
figure 18 to form a final comparison of adjusted measured trailing edge noise
spectra for uniform velocity and turbulence. The results agree well for low
reduced frequency where the data were dominated by trailing edge noise. They
differ for the two different grids at Strouhal numbers above 0.2 (not shown)
where the spectra were dominated by background noise. Thus the parameters
derived by Ffowcs Williams and Hall in reference 17 are validated by these
data.

While trying to compare the empirical prediction curve frow figure 6 of
reference 15 for the potential core regime with these data, it was noted in
figure IV.15(1) of reference 21 that five of the seven spectra u.¢? in that
comparison were obtained at velocities between approximately 61 and 64 m/sec
(200 and 209 ft/sec). The empirical curve of reference 15 was then assumed
to be valid for the 63.4 m/sec (208 ft/sec) velocity of two reference 21 test
spectra and wes scaled using the scaling laws of reference 17. The turbulence
scale length was arbitrarily taken equal to the wall-jet boundary layer thick-
ness. As shown in figure 13, the resulting aversge far field spectrum from
the data of reference 21 would agree with these data if a 2% turbulence level
is assumed for those tests.

In prir-iple, it should be possible to compute this normalized srectrum
from the analysis within Section VI of reference 19. The wavevector represer.-
tation of the inertial subrange c¢f homogeneous turbulence requires so many
details about the turbulence structure that even the data comparisons given
therein examined only the trends at large and small reduced frequencies.
Power spectral density (PSI*) is predicted from equation (L1) of reference 19
to decay inverzely with frequency to the 10/3 power at large frequencies.
Cne-third-octave spectra would then be expected to decay 7 4B per octave,
which is significantly larger than the 3 to L dB per octave decay ratec
associated with jet mixing noise. The data of figure 16 “ad this higher decay
rate at Strouhal numbers up to 0.01% where the scatter was fairly small. At
large Strouhal numbers the spectrum decay rate decreased to about 4 4B per
octuve and the high-velocity spectra systematically shifted above tliose
measured at the lower velocities. These same trends are apparent in cother
correlated spectra plotted in figure L of reference 19. 3omewhat smaller
decay rates are given by the revised analysis in reference 20. The curve
obtained from the data of reference 21 for #3 m/sec (208 ft/sec) velocity
approximately follows the predicted steep decay. In the limit of low
frequency, the spectrna calculated from reference 19 had a steep increase
with increasing velrcity (FSD roughly proportional to frequency to the fifth
power) as with *he date comparison in figure L of reference 19. The spectra
from the tests described herein are approximately flat near the low-frequency
limit of the chamber. From equations (3€) and (42b) of reference 19, PSD of
both the turbulence spectrum and the radiated sound should be independent of
frequency in the limit of very small reduced frequencies. The treni of a
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steep increase with increasing frequency, however, seems established by the
majority of data. Additional discussion of low-frequency predicted and
measured behavior is given in reference 20.

These adjusted spectra can be integrated over all Strouhal numbers to
obtain a predicted overall sound pressure level. This quantity can be
compared with that calculated from equation (15) of reference 17 for a turbu-
lent eddy at a sharp trailing edge. If that equation is correct, the differ-
ence between the two quantities would be a measure of the number of eddies
along the trailing edge at one time. The integrated OASPL corresponds to an
adjustment parameter of about 63.5. That quantity would be given by roughly
seven eddies, while twenty-eight would be expected if turbulent eddies were
regarded as hard ellipsoids with a semi-minor axis equal to the transverse
integral scale length. Thus the number of noise-producing eddies is one-
fourth the maximum that could be stacked side-by-side in the simplified view-
point of turbulent eddies as rigid objects.

Because these data clearly agreed with a fifth power velocity law and
disagreed with a sixth power law, the tests on which the sixth power law was
based were examined. The dimensional analysis in which trailing-edge noise
was claimed to vary with velocity to the sixth power, and presentation of data
to justify the analysis, was first given by Hayden in reference 21. The data
were obtained with a slot nozzle that was tangent to a flat plate of adjust-
able length. Data were presented for three different regimes of wall-jet flow.
In the core region, the plate length was sufficiently short so that a poten-
tial-flow core existed within the jet at the trailing edge. Adjustred acoustic
spectra for this regime were given in figure IV.15(a) of reference 21 for four
ratios of plate length to nozzle height at approximately constant velocity and
three velocities at constant plate length. The spectra for different
velocities, normalized in a manner based on assumed sixth-power velocity
dependence, are reproduced in the upper part of figure 19 herein. If a fifth
povWwer velocity lavw were correct, the adjusted sound pressure levels should be
increased by 10 logjg U/ag at constant Strouhal number. Spectra modified in
this manner are shown in the lower part of the figure. The low-frequency
portion of these spectra (Strouhal numbers less than 0.1) is better fitted by
a sixth-power velocity law, and about 4 dB spread of the data is obtained for
both adjustments in the high-frequency portion.

In the characteristic decay region, there was no potential core in which
the mean velocity was independent of distance normal to the plate but there
was a central spanwise region in which the mean velocity profile was
independent of lateral position. Adjusted spectra were given in figure
IV.15(b) of reference 21 for eleven combinations of velocity and plate length.
The approximately 6 4B spread of these measured spectra would not be signifi-
cantly changed if a fifth-power rather than a sixth-power velocity law was
assumed, At still larger plate lengths, the radial region is reached in which
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mean flow properties vary laterally within the jet, Adjusted spectra for five
velocities at one plate length and two velocities at another length were given
in figure IV.15(c) of reference 21 for this regime, The data for five
velocities at constant plate length are reproduced in the upper part of

figure 20 herein. These spectra, modified for a fifth-power rather than a
sixth-power velocity law, are plotted in the lower part of the figure. It can
be seen that adjusting these spectra by a fifth-power velocity law approxi-
mately halves the 6 dB scatter. Thus, if attention is concentrated on large
Strouhal numbers which have strong effects on perceived noise level, Hayden's
data are in better agreement with a fifth-power velocity law in one flow
regime and agree equally well with either a fifth or sixth power in the other
two regimes.

Incidence Fluctuation Noise

Presentation of Data, - Typical far-field one-third-octave spectra
radiated by the flat plate airfoil with incident turbulence generated by the
large grid are plotted in figure 21 for 50 and 125 m/sec (164 and 410 ft/sec)
velocities. Also shown are spectra for several conditions that represent
possible reference background noise levels. All these spectra were measured
at 90° from the free-stream direction. Sound pressure levels measured with
the airfoil and grid were largest at a relatively low frequency, decreased
rapidly with increasing frequency, and decreased less rapidly with further
increase of frequency. Sound piessure levels measured with the grid but
without the airfoil decreased rapidly and then became approximately constant
with increasing frequency. It is apparent tnat the presence of the airfoil
did not significantly change the high-frequency part of the spectrum, and at
high velocities the low-frequency spectrua, from that measured with the grid
alone. Other spectra shown are these for the airfoil without an upstream
turbulence grid and therefore in a flow with less than 2.2% turbulence level
and those for the empty tunnel with neither an airfocil nor a turbulence grid.
These spectra were below those measured for the tunnel plus grid. Without &
grid, the presence of the airfoil caused little or nc increase of far-field
noise,

Spectra measured with the airfoil and large grid, and a microphone
direction 60° from upstream, generally were one to two dB lower than those at
90°, This small difference would be expected for noise having lift dipole
directivity, for which a 1.25 4B decrease is predicted. Those measured at a
microphone direction 120° from upstream tended tc be about as large as at 90°,
possibly because of the larger backgrcund noise ir thie direction and the
expected refraction effect of the wind tunnel shear layer on measured dircc-
tivity. Refraction of socund by the wind tunnel shear layer was calculated for
the measurement directions. test Mach numbers, and 1lift dipcle directivity
to be less than 1 dB. Calculatel refraction effects fo~r a 1ift dipcle are
chown in figure 8 of reference 22.
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Before the measured far-field spectra could be used for evaluation of
different theories, it was necessary to subtract the background noise of the
tunnel with grid. Only those portions of the measured spectra which exceeded
background by at least 3 dB were used. The background noise was subtracted
logarithmically to obtain corrected spectra for the airfoil with incidence
fluctuation but without the low-frequency or high-frequency noise of the wind
tunnel with the turbulence grid. These spectra for 90° direction are
presented in figures 22 and 23 for the medium and large grid, respectively.

Uncorrected overall sound pressure levels for 90° direction angle and
the frequency range from 200 Hz to 20 kHz are plotted against velocity in
figure 24, Data are presented for the large grid, medium grid, and no turbu-
lence grid, with and without the airfoil. Airfoil QASPL was increased about
3 dB by changing from the medium to the large grid at constant velocity, in
good agreement with the 3.5 dB increase expected if acoustic intensity is
proportional to turbulence level squared. They increased with velocity to the
5.6 power, in agreement with the expected variation with free-stream velocity
to the sixth power and turbulence level squared (turbulence level varied with
velocity to the -0.2 power for these upstream grids). In contrast, background
noise measured with the grids and w.thout the airfoil was found to vary
approximately with velocity to the sixth power. Backaround noise of the
tunnel without an upstrean grid was increased about e dB by the presence of
the airfoil. This relatively large (about 1/4 sq m) airfoil apparently
generated little or no noise by itself. Its lowest test Reynolds number of
about one million was greater than that for which the boundary layer would be
expected to stay laminar to the trailing edge, so airfoil discrete tone vortex
noise (ref. 28) was not expected. Airfoil OASPL calculated for different
noise mechanisms listed in reference 1 are also shown in figure 24. Sound
radiation from an airfoil surface boundary layer that is turbulent from the
leading edge was calculated from equation (11) of reference 1 to be about 15
dB below background. Sound radiation caused by 0.2% incident turbulence level
was calculated from equation (8) of reference 1 to be about 10 dB below back-
ground. Vortex shedding noise as defined in reference 1 and calculated from
equation (9) therein was unexpectedly in good agreement with OASPL measured
for the airfoil without an upstream grid. However, the sum of this calculated
noise and the tunnel-empty background noise would overestimate levels measured
for this airfoil. The far field spectra 4id not peak at a Strouhal number of
2 referenced to airfoil chord as assumed in reference 1. Measured spectra for
the tunnel plus airfoil, and background noise for the tunnel without airfoil,
were not given in reference 1. It is possible that the equation given in
reference 1 for vortex noise of an airfoil was actually fitted to background
noise of the open-jet wind tummel. This good agreement between calculated
OASPL for the airfoil alone and measured OASPL for the airfoil plus background
noise would then result from 1se of comparable ratios of model size to tunnel
size,

La
()



Surface pressure spectra measured by the three upper~-surface and three
lower-surface microphones at the five test velocitles are given in figure 25

for incident turbulence produced by the medium grid. Surface pressure spectra
for the same positions and velocities but for the large grid are given in
figure 26. Because upper-surface and lower-surface microphones were located
at slightly different spanwise locations, it would not have been proper to
subtract the microphone output signals to obtain spectra of local loading.

The surface pressure spectra contain a sum of pressure fluctuations caused by
incidence fluctuation and, at high frequencies, the static pressure spectrum
of the airfoil turbulent boundary layer.

Cross-correlations between upper surface microphones and the far-field
microphone directly above the airfoll model are shown in figure 27 for 31.5
and 80 m/sec (103 and 262 fit/sec) velocities. These signals were filtered to
cut off signals at frequencies lower than 100 and greater than 20,000 Hz. i1l
of th.se traces passed through zero amplitude with maximum negative slope at
approximately identical delay times. This delay time was equal to the expected
time requirea for a sound wave to travel from the model to the far field.
These data thus confirm the expectation (ref. 27) that noise caused by
incident turbulence is radiated from all positi-ns along the airfoil chord.
Coherence between the surface and far field microphones was relatively
large at the airfoil forward position and decreased with increasing distance
from the leading edge. This would be expected because local lcading due to
incidence fluctuation would decrease with increasing chcrdwise distance while
static pressure fluctuations within the airfoil boundary layer would increase
or remain constant.

Cross-correlations between microphones at the same position on upper and
lower surfaces were symmetrical about zero deley time and had a large negative
peak at zero time. The negative peak denotec signals that are antisymmetric
on the upper and lower surface as is expected for loading fluctuationc.
Coherence of these signals decreased with increasing distance from the leading
edge., It was decreased snmewhat by changing from the large to the medium grid
and was approximately independent of airspeed. Cross-correlations between
microphones at different chordwise positions or the same surface generally had
three positive peaks. One was at a very small delay time that corresponded
to downstream propagation of an acoustic wave and represented adjustment of
surface loading to the incident convected turbulence. Another had a delay
t.ime equal to the ratio of ctreamwire separation to free-stream velccity and
represented convection of free-stream turbulence. The third had a delay time
scmewhat less than twice that for the cecond peak and probably represented
convection of turbulence within the airfcil “oundary layer.

Comparisons With Theuries. - Variation: of measured surface pressure
spectra with velocity, turbulence level, and chordwise pcsiticn were
correlated by a procedure chosen for ease in preparing summary plcts. Power




spectral density of surface pressure fluctuations can be written as the
product of dynamic pressure squared, the square of the derivative of pressure
coefficient with respect to incidence, and the power spectral density of
incident turbulence. Expressing the surface pressure spectra in terms of the
one-third-octave surface pressure level (SPLg),

SPLg-1010g,,(0.232 )= 20l0g,g( 1/2 PU/Ref) + 20 l0g,, Cg + 100G,y (E/U%)  (2°)

which can be rearranged as

SPL 20109, (112 PU%/P,yg) -10 log,q (VE/UP) -10 t0g,, (0.232 A/c)
(23)

=10 log,, ;:- +10 log,, (fc/v)+ 10 loqm(UE/?A)

The left-hand side of equation (23) is a sum of a measured function of
frequency and a function of velocity and grid size. The normalized turbulence
spectrum on the right-hand s.de of the equation is a measured quantity that
had been found to be well approximated by equation (21), an analytic function
of reduced frequency based on turbulence integral scale length. Thus the
right-hand side is the sum of functions of Strouhal number plus a loading
coefficient that is expected to depend on chordwise position, Strouhal number,
and Mach number. The left-hand side of the equation was determined from
measured one-third-octave spectra by shifting the amplitudes by a function of
velocity and grid size but not of frequency, and renumbering the frequency
axis as a one-third-octave scale of Strouhal number. Spectra measured at
successive velocities could then be overlaid by shifting the frequencies by
two (or, for the highest velocity, 1%) one-third-octave bands. The purpose of
this procedure was to allow spectra measured at the same chordwise position
but different turbulence levels to be overlaid and traced without further
menipulation.

This measured comparison can then be compared with curves of the right-
hand side of equation (23) as calculated using different theories for the
derivative of pressure coefficient with respect to loading. Results are
given in figure 28 for the upper- and lower-surface microphones at forward
and mid-chord positions and incident turbulence produced by the medium and
large grids. GSurface pressure spectra were measured with the large grid and
the three lower velocities (figs. 28(c) and (d)) at frequencies down to 10 Hz
for comparison with theories over a larger range of Strouhal number, Spectra
measured at corresponding positions on the upper and lower surface of this



symmetrical model often differed by several dB for unknown reasons. At
constant microphone position and turbulence grid, spectra measured at
velocities from 31.5 to 125 m/sec (103 to 410 ft/sec) coalesced within better
than 3 4B over most of the range of Strouhal number., However, data for the
highest and lowest of these velocities generally defined the upper and lower
edge, respectively, of this band. Data for the highest test velocity of

177 m/sec (580 ft/sec, Mach number of 0.535) were significantly larger in
amplitude and, for the forward microphone, different in shape. The cylinder-
slab leading edge shape probably generated too strong an adverse pressure
gradient downstream of the discontinuity of curvature, locally separating the
boundary layer. The spectra are typified by an increase of about 3 4B per
octave at low Strouhal numbers, & decrease of less than 6 4B per octave at
moderate Strouhal numbers, and a second peak followed by rapid decay at high
Strouhal numbers. This high-frequency part of the spectra is attributed to
the airfoil surface turbulent boundary layer. From the right-hand side of
equation (23) and the known shape of the incident turbulence spectrum, the
derivative of unsteady pressure coefficient with respect to angle of incidence
can be inferred. Tt must have been approximately constant for Strouhal
numbers up to unity and decayed at the slope predicted for the Sears function
at Strouhal numbers above four.

The curves shown were calculated from Sears theory (eq. (4) herein) and
by arbitrary application of analytical results presented by Filotas (egs. (7)
and (9) herein) and Mugridge (eq. (17) of ref. 8). Filotas' equation for 1lift
response at high frequencies was adjusted as described in the section,
"ANALYTICAL METHODS". A1l of these calculated results have the same
asymptotic slopes in the limits of very small or very large Strouhal numbers.
The low-frequency approximation of Filotas ylelds a derivative of unsteady
pressure coefficient with respect to incidence that is independent of Strouhal
number for Strouhal numbers less than 1r'l times the ratio of half-chord to
turbulence streamwise integral scale length. The resulting calculated loading
i3 in better agreement with the data than is the Mupgridge solution at low
Strouhal numbers. Those two solutions differ by little more than 2 dB at
large Strouhal number:s and generally agree with the data at those conditions.
Agreement between predictions and data 1s best at mid-chord, where distortion
in shape of the chordwise loading is predicted in reference 7 to be least.
Measured loading at the forward microphone pe<ition was o erestimated by +he
procedure used herein that neglected this distortion.

Far field acoustic pressures caused by incidence fluctuation were
expressed in equation (13) in terms of turbulence P;D and the effective lears
function for 1ift responrse of an acoustic compact cource. If acoustic
pressures are exprerced ar cre-~third-cctave SPL, that equation can be
rewritten as
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'3
SPL /310 log,o (V/U?) - 10 log,; (0.232 A /c) - 20 tog,, (3 o’;“' Qrose)
re

24
=10l0g,, .2 + 10 log,,, (UE/VT A)+ 30 log,, (fc/u) (2v)

Here the left-hand side consists of the measured spectrum and terms that are
functions of free-stream velocity, turbulence mean properties, model geometry,
and microphone location. The right-hand side is a sum of terms that are
functions of Strouhal number. Thus the left-hand side was determined by
over-laying measured one-third-octave spectra with approximately shifted
amplitude and frequency axis. The right-hand side was calculated using
different analytical solutions for effective Sears function in three-dimen-
sional turbulence. Analytical methods used were conventional Sears theory for
two-dimensional turbulence, the solution of Mugridge (eq. (3) of ref. 8), and
the solution by Filotas (ref. 7). Lift response in turbulence had been
calculated by Filotas only for a narrow strip at constant spanwise position.
However the calculated decay rate is steeper than that given by Mugridge
(ref. 8) for either a two-dimensional airfoil or a three-dimensional rectangu-
lar wing in three-dimensional turbulence.

Predicted far-field one-third-octav spectra calculated from the right-
hand side of equation (24) are given in figure 29. Jpectra calculated by the
theories of Sears and Mugridge increase to a constant asymptote with Increar-
ing Strouhal number. The method of Filotas for a narrow two-dimensional strip
gives a high-frequency decay inverse with frequency. Measured spectra are
shown for the far-field microphone directly above the airfoil, medium turbu-
lence grid, and 31.5, 80, and 177 m/sec (1703. 2f2, and 557 ft/sec) velocities.
The measured spectra for different velocities clearly were not coalesced by
this set of parameters. Low-frequency data approximately agreed with spectra
calculated by the theories of Mugridge and Filotas. As velocity wacs
increased, the Strouhal number above ‘hich the predictions and jata disagree
was decreased. Opectra meazurc’® at large Ctrouhal numbers decreased roughly
inversely with frequency cabed. This behavior is typical of that for a
noncompaci acocustic source.

Exact solutions for the change in far-field acoustic radiation acs the
acouctic source changes from compact to noncompact are nct available. A
qualitative solution proposed by Hayden (ref. 15) utilized a rediced frequen-
cy based on the speed of cound and an urniefinei effective radius of the cource,
Acsaming that the rource radius i proportional to airfoil chord, the

appropriate frequency parameter for a noncompact ~ource chould then be the
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product of Strouhal number and Mach number. However, because the onset of
chordwise phase cancellation depends on Strouhal number alone, spectra
measured at dirferent velocities cannot be directly compared.

Measured and calculated far-field one-third-octave spectra are compared
in figure 30 for each of the five test velocities. The envelope of measured
spectra is shown for microphone positions 60 and 90° from upstream and both
turbulence levels. The top of this envelope at low frequencies always was set
by the 90° microphone at the highest turvulence level; scatter between the
other three combinations of microphone position and turculence level at louw
frequencies was about equal to that shown for all four at high frequencies.
The curves shown for the combined predictions of Filotas and Hayden were
calculated by arbitrarily taking the socurce radius as one-half the chord. At
the lower velocities, rapid decay due to acoustic roncompactness was predicted
by Hayden's equation to start at about the same frequency as rapid decay due
to spanwise phase cancellation. Measured spectra decayed roughly at about
G dB per octave as predicted for the combination of effects. As velocity was
increased, decay of the .easured spectra due to noncompactness continued to
occur at products of Strouhal number and Mach number larger than about 0.5.
However, the calculated incompressible-flow lift force response was still
increasing with increasing value of this product. Thus the calculated and
measured spectra became less sharply peaked as velocity was increased.

It should be noted that because the lift force spectrum was not measured,
te acoustic noncompactness correction is not clearly identified. An alter-
nate explanation might apply the same correction factor to calculation of 1ift
force. This additional phase cancellation of surface pressure spectra would
reduce the 1ift force spectrum at products of Mach number and Strouhal number
greater than about 0.8. Such behavior was qualitatively predicted by
Adamezyk (ref. 12) for gust response in subsonic compressible flow; the
analysis had not been extended to incident turbuilence. The resulting
compressible~-flow 1ift force response spectrum, regaried as producing an
~coustically compact dipcle, would yield the far-field spectrum attributed
nere to an incompressible-flow 1i{t spectrum and noncompact sourcc. Thics
alternate viewpoint avoids the problem of explaining why acoustic noncompact -
ness should occur for an cverhead far-field point, and why it wac the same for
directions #0° ani 207 from upstream,

If the solution of Mugridge had been modified in the same manner as *‘hat
of Filotas to include a crude approximation for spanwise phase cancellaticn
plus Hayden's factor for a noncompact source, it would have given equally gcod
agreement witlh the measured spectra. OUpectra calculated by the metholds of
Filotas and Mugridge would differ cignificantly only for low Utrcuhal numbers,
a* which the theory of Murridge would predict =strorger noise. Far-field data
were not ohttained at those conditions because th2 anech-ic chamber :ic not



anechoic at low frequencies. Howeve., surface pressure spectra measured at
those low frequencies were better predicted by the theory of Filotas. That
theory plus Hayden's modification therefore give best .greement with both
surface and far-field pressure spectra.

Subsonic Mach numbar effects can be found in other measurements of noise
from airfoils in turbulent flow. Tests reported by Dean (ref. 5) had included
measurements of upstream turbulence spectra, loading spectra at the airfoil
quarter-chord, and far-field acoustic pressure spectra. The ravio L of turbu-
lence integral scale length to airfoil half-chord was about .8 in those tests.
That is, the turbulence scale was about three times larger relative to chord
than for the tests reported herein. As wi“h these tests, the local loading
spectrum was adequately predicted by the theories of Mugridge and Filctas.
Fluctuating 1ift force was assumed given by the product of local lcading
and a correlation area. The far-field spectra and compact-source acoustic
dipole equation were then utilized to calculate the ratio of correlation area
to planform area. The variation of this gquantity with Strcuhal number, taken
from figure 14 of reference 5, is shown in figure 31 for the four *est
velocities from 55 tc 175 m/sec (180 to 575 ft/sec). From the analysis
developed herein, this effective correlatiion are=a is really a ccmbination of
chordwise phase cancellation and Hayden's compressibility effect. Curves
calculated for these two processes, again using a correlation radius of half
the chord, are alsn shown in figure 31. Data for the lowest -eloci*y were
bracketed by the calculated curves for spanwise phase cancellatior with and
without the noncompact source effect. The decay of effective Strouhal nuvmber
vas somewhat overestimated, but within about 4 dB this otherwise unexplainzi
correction factor between c.ta and aipole rnoise theory is predicted by the
recommended calculation method.

Serubbing Noise

General Comparison of Far Field Acoustic De*a, - The dominant type of
noize radiated beneath under-the-wing (UTW) externally hlown flaps has often
been called scrubbing noise, For highly deflected flaps, its Airecti.ity
resembles that of a 1ift dipole oriented perpendicular to the deflected flap
panels. Intensity of scrubbing noise varies approximately with local jet
velocity to the s.xth power., Its power spectral. density decays almort
inversely with frequency squared at large Strouhal number:. This noise pro-
cess as considered herein does nct include quadrupole noise from deflected
distorted portions of the exhaust jet, sometimes called impingement or impact
noise. 1In contrast to scrubbing ncise, this noise is strongest at moderate
angles (less thn 4N°) from the deflected exhaust and has an intensity that
varie: with exhaust velocity to the eighth <r larrer power.



The airfoil model used in the present study differed from conventional
externally blown flaps because it was a single deflected airfoil rather than
a multiple slotted flap having separately deflected flap panels. Therefore,
far field acoustic spectra were compared with NASA data of reference 24 for a
double slotted UIW blown flap model to assure that results were re=resentative
>f UIW noise. The two models had about the same nozzle diameter but the
single airfoil had about 71% as large a chord. Because the NASA tests used a
3.28 m (10 ft) microphone distance and these tests used a 2.3 m (7 f£t) dis-
tance, tabulated NASA data were increased 3 dB for this comparison.

One-third-octave spectra measured at 90° to the nczzle centerline, in
the direction beneath a UIW model, are shown in figure 32 for zero airfoil
deflection at 200 and 250 m/sec (656 and 820 ft/sec) exhaust velocities. The
circle symbols are the average of NASA data shown in reference 24 for 80° and
100° from the nozzle centerline, flaps retracted, and the closest velocities
to these conditions (Runs 94 and 93). Those data, taken at 190 and 231 m/sec
(623 and 758 ft/sec), were increased 1.3 and 2.1 dB, respectively, to compen-
sate for the differences in exhaust velocity assuming a sixth-power velocity
scaling law as reported in reference 2i. Except for the region of low
frequercies in which the data of reference 24 were affected by ground reflec-
tions, the two sets of data are in good agreement.

One-third-octave spectra for the UMW configuration at 30° airfoil
deflection, 200 m/sec exhaust velocity, and directions perpendicular to the
deflected chord (60° from upstream) and perpendicular to the nozzle center-
line are shown in figure 33. These are compared with data for Runs 56 and
100 of reference 24 for those directions and 190 and 194 m/sec (623 and 636
ft/sec) velocities, at 10° - 20° deflection of the double slotted flaps.
Because these deflections were taken relative to a chord line with 5°
incidence from the nozzle, the aft flap segment was deflected 25° relative to
the nozzle centerline. The spectra for the single airfoil are in general
agreement with the two sets of NASA data. Externally olowa flap noise
measured with the deflected single airfoil therefore is in both qualitative
and quantitative agreement with data for an airfoil having double slotted
flaps. Thus the noise mechanisms which occur for the deflected single air-
foil should be the seme as those for more complicated, less eazily instru-
mented airfoils having deflected flaps.

An indication ¢f one noise mechanism that causes a difference between
far-field spectra of UIW and upper surface blowing (USB) installations can be
obtained by comparing spectra measured in the scrubbed and unscrubbed direc-
tions at zero airfoil deflection. These spectra and those for the nozzle
alone are presented in figure 34 for 160 and 250 m/sec (525 and 820 ft/sec)
velocity at direction angles 60, 90, and 120° from upstream. Spectra
measured in the far field on the scrubbed side cof the airfoil decayed less
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rapidly with increasing frequency than did spectra measured on the unscrubbed
side. It seemed likely that this di.fereuce of decay raies could be
explained by the presence of direct and reflected jet ncise on one side of the
airfoil and shielding of that noise from the other side. To test this
assumption, one-third-octave levels were calculated as the sum of measured
sound from the unscrubbed side, measured directly radiated sound from thae
nozzle alone, and reflection of nozzle sound by the airfoil. Reflection was
arbitrarily assumed to double the acoustic intensity at 60° and 90° but to
have no effect at 1200 direction. The resulting spectra, shown as circle
symbols in figure 3L, are in close agreement with those measured in *he
direction of the scrubbed side. In these directions, one-third-octave

spectra for the airfoil had a relatively sharp peak at Strouhal numbers of
0.20 to 0.2% while nouzle jet noise spectra had a more gradual meximum whick
peaked at Strouhal numbers closer to 1.0. As discussed later, reflection
effects apparently were absent at the direction 120° from upstream because

the spectrum on the unscrubbed side already contained some jet noise. The
two exhaust velocities for which this comparicon is shown correspond to Mach
numbers near 0.5 and 0.8. These bracket the value of 0.608 at which a signif-
icant change has been predicted to occur (ref. 29) in the instability modes of
an isolated cold axisymmetric jet. Apparently, any change of airfoil noise
caused by changes in jet instability structure did not alter the radiated
directivity pattern. Adding the direct and reflected jet noise to far-field
noise measured in the unscrubbed direction yielded a close prediction of
measured spectrum in the scrubbed direction. This result would not be valid
for large deflection angles where quadrupole noise generated in the shear
layer downstream of the airfoil trailing edge may be significant relative to
quadrupole noise of the isolated jet.

A previous analysis (ref. 30) had assumed that scrubbing noise was
produced by locally correlated turbulent regions on each scrubbed surface.
Pressure fluctuations generated in the jet mixing r< ion and imposed on the
surface were assumed to produce dipole noise as in Sharland's (ref. 1)
analysis of turbulenc boundary layer dipole noise. Because pressure fluctua-
tions in a jet mixing region are an order of magnitude larger than those in a
turbulent boundary layer, calculated CASPL was about 20 4B larger “han that
calculated from reference 1 for boundary layer noise. If that description of
the scrubbing noise mechanism was correct, scrubbing noise would be radiated
only from the scrubbted side of an airfoil. In contrast, if scrubbing noise
is associated with a fluctuation cof local loading, its directivity would be
the same on both the scrubbed and unscrubbed sides. The data of figure 34
clearly demonstrate that scrubbing noise is symmetrical abcut the airfoil
chord. They disprove a fundamental assumption cf the scrubbing noise analysis
given in reference 30.

39



If changes of jet instability mode cause changes in EBF noise mechanisms,
then suitability normalized spectra obtained at different Mach numbers should
not coalesce. One-third-octave freguencies can be readily normalized as
Strouhal numbers. However, if several noise mechanisms each have different
velocity dependence, then no one correction to one-third-octave SPL should be
valid for all Strouhel numbers. A sixth-power velocity dependence was
arbitrarily assumed because OASPL of externally blown flaps is empirically
found (e.g., ref. 2L) to vary approximately in this manner. Thus any portion
of the spectrum dominated by trailing edge noise, which should vary with
velocity to the fifth power, would be overcorrected. A normelized spectrum
for the highest velocity would be smallest, and that for tne lowest velocity
would be highest, by a predictable increment. Similarly, portions of the
spectrum dominated by quadrupole noise should vary with velcocity tc the
eighth power and would be undercorrected.

Amplitudes were normalized by subtracting £0 logipl, where U is the jet
exhaust velceity (m/sec), from shectra measured at 100, 160, and 250 m/sec
(328, 525, and 820 ft/sec) velocity. Thus, successir2 one-third-octave
spectra were decreased 12 dB in amplitude and two cre-inira-octave bands.

The resulting velocity-adjusted far field spectra at directions €2, 90, and
120° from upstream are presented in figure 35 for six combinations cf
deflection angle and measurement direction. Straight lines shwwing 1C dE per
octave increase of amplitude at low Strouhal numbers, 7 4B per octave lecrease
a* moderate Strouhal numbers, and L 4B per octave decrease at high Strouhel
numbers are inciuded as guides to observed trends. The larger decrease ic
typical of trailing edge noise; the smeller decrease is typical c<f jet

exhaust noise and of UIW EBF spectra derncted as scrubning noise.

Far field spectra in the scrubbed direction at zero deflection are shcwn
in figure 35(a). The 10 dB per octave increase, which corresponds to a
pressure-~s;uared spectral density propcrticnal to freguency tc the 7/3 power,
gives a good approximation tc the slcpe for Strcuhal numbers less than 2.1€.
At Strouhal numbers less than about one, the data decrease at about 7 3B per
octave and, at constant Stroahal number, decrease with increazirg velocity.
The approximate 4 3B spread between spectra for the large<t and smallest
velocities corresponds o a fiftn power velocity dependence. Thus the
velocity iependence, spectrum slope, and directivity [least internsity in the
most downstream direction! are concistent with trailins edge ncise at 3Strouhal
numbers ip to abou* cne., At larger Ctrouhal numbers, and at Ctrcuhal numbers
down to about 2.4 for the higher velccities, the spectra decaved a* abcoit
- 1B per cctave as wculd be expected for both scrutting noise and jet mixing
nolsze. Becauce the spectra are coalezcei by thic sixth power velocity ailas
ment 2t forwarid ancles but are spread apart at the aft+ directicn anzle, the
high-freiziency porti-m is lcminatedby scribbineg ncice in forward directironcs
and jet mixing noise in aft directions.
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Velocity-adjusted far field spectra in the unscrubbed directica at zero
deflection are shown in figure 35(b). As with the comparison in the scrubbed
direction, spectrum slopes and variations of amplitude with velocity are
consistent with dominant trailing edge noise for Strouhal numbers less than
unity and forward direction angles. Spectra for larger Strouhal numbers and
the aft direction decreased at about 4 dB per octave at levels roughly L a3
larger at 250 m/sec (820 ft/sec) than at 160 m/sec (525 ft/sec) velocity.
Those parts of the spectra therefore were dominated by jet mixing noise. The
apparent discrepancy between calculation of high-frequency noise on the
scrubbed side by use of jet noise with reflection for other directions but
without reflection for this direction is then resolved. Noise on the
unscrubbed side, in aft directions, already includes a quadrupole jet contri-
bution at large Strouhal numbers.

Spectra taken in the unscrubbed direction correspond to data beneath an
USB installation. Velocity-adjusted data for the unscrubbed direction and 10°
deflection are shown in figure 35(c). A tone was present in spectra for this
airrcil and nozzle at the higuer test velocities and greater than about 3°
deflectin. The region of Strouhal numbers that couid be characterized by
7 dB per octav2 decay was smaller for this deflection than for zero deflec-
tion. There was little effect of SB deflection on the portions of thece
spectra having Strouhal numbers less tha:n about 0.2, but increased deflec-
tion increased the amplitudes at larger Strouhal numbers,

Velocity-adjusted spectra beneath the ccrubbed side for 9, 13, and 30° "W
deflecticns are shown in figures 35(d), (e), and (f). Increasing deflection
caused a gradual increase of velocity-adjusted =ound pressure level at con-
stant Strouhal number and a jecrease in the importance of treiling edge noise
relative to scrubbing noise. For 30° deflection (fig. 35(f)), spectra for
the direction 60° from upstream (normal to the airfoil chord) and Strouhal
numbers greater than 0.8 were coalesced by subtracting sixty times the
logarithm of exhaust velceity. This portion of the data therefore varied with
exhaust velocity to the sixth »oover as expected for scrubbing noise from a
surface which does not extend veyoni the Fet potential core. For the same
direction but smaller Strouhal numbers, each increase of velocity by a factor
of 2273 caused about a 2 dB decrease in amplitude. This systematic erffect of
velocity corresponds to a fifth power velocity dependence as expected for
trailing edge noise. At a measurement direction 120° from upstream and large
Strouhal numbers, each increase of velocity caused roughly a L dB :necrease of
amplitude as for eighth power jet mixin. noisze. Both scrubbing noise and
trailing edge noise seem to have the same 10 dB per octave frequency
dependence at low Strouhal numbers, and both zcrubbing noise and jet mixing
noise seem to have the same -L dR per octave frequency depender.ce at high
Strouhal numbers.
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Surface Pressure Specira. - Surface pressure spectra on the scrubbed
airfoil surface are of interest for possible improved understanding of the
noise radiation mechanisms and as direct input for estimating sonic fatigue
of wing panels. Spectra measured at different chordwise positions along the
flow plane of symmetry are examined first, followed by examination of the
effects of spanwise distance.

Velocity-ndjusted spectra measured at 15% and 30% chord on the plane of
symmetry, for 125 and 250 m/sec (L10 and 820 ft/sec) exhaust velocity, are
shown in figure 35(a) for zero airfoil deflection. Ammlitudes of these one-
third-octave spectra were normalized by assuming a dependence on exhaust
velocity to the fourth power, and frequencies were normalized as Strouhal
numbers. Surface spectra for these velocities differing by a factor cf 2
vere in good agreement when compared in this manner. Amplitudes of adjusted
overall surface pressure level also are shown. The largest rms pressure
fluctuation within the mixing region of an isoclated jet (ref. 23) is about
0.065 times the jet dynamic prussure. This maximum fluctuation for a jet
without an airfoil corresponds to an adjusted overall level of about 66 dB.
Thus the measured aijusted overall level of about 54 dB at 15% chord is an
rms pressure fluctuation of one-fourth the maximum expected for an isclated
jet. As shown in figure 7(b), this level would be a reasonable estimate of
the pressure fluctuation st this measurement position within an isclated Jet.
The level of just less than 60 dB at 30% chord would be about half the jet
maximum rms fluctuation, while a somewhat larger fluctuation is expected for
this location in an undistorted isolated jet. Adjusted spectra for these two
velocities and zero deflection are shown in figure 36(b) for 38, 62, 70, and
830% chord. Adjustment for the effect of exhaust velocity remains good, and
adjusted overall levels were between one-fourth and one-half the maximum
pressure fluctuation expected for an isclated jet. Cverall level therefore
seemed to be generated by the jet vrocess and impressed upon the airfoil
surface, rather than being generated by aeroacoustic interaction of the
exhaust jet with the airfoil.

A distinctive feature of these spectra was the decrease of peak Strouhal
number with increasing rearward disctance. Maximum amplitude occurred at a
Strouhal number of 1.6 at the forward positions. near O.L at positions near
mid-chord, and near 0.2 at the aft positions. This behavior also occurs for
pressure fluctuation spectra measured in the mixing region of an isolated Jet,
as shown in figures 1i through 17 of reference 31. An attempt to predict
serubbing noise by assuming that it was generated by ccherent regions of jet
mixing region turbulence (ref. 30) had assumed that surface prescure zpectr.m
shape was independent of chordwisze position., Thece suarface data, in addition
to the far-field acourtic data, prove that the explanation of scrubbing noirce
given in reference 30 is wrong.
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Velocity-adjuited surface pressure spectra for 9° deflection are given in
figures 3h(c) and (d). At this deflection, much of the a'rfoil aft surface
in the plane of symmetry was at a distance of about one radius from the
extended nozzle centerline (fig. 7(c)). This region of an undistorted jet
mixing region would have the largest intensity of static pressure fluctuations
(refs. 23 and 31). Spectra for the two exhaust velocities were not as well
coalesced for the forward locations (fig. 36(c)) as further aft. Overall
levels remained at intensities that would be reasonable within an undistorted
Jet mixing region. Spectra measured at the forward chordwise stations were
sharply peaked, increasing and then decreasing rapidly as Strouhal number was
increased. These same trends occurred for 18° (figs. 36(e) and (f)) and 30°
(figs. 36(g) and (h)) deflection. Spectra measured at chordwise positions
where the high-shear part of the mixing region impinged agairst the airfoil
surface were sharply peesked while those measured further aft had more gradual
growth and decay. For large deflections the peak Strouhal number at aft
locations was cf order unity rather than the smaller levels typical of those
locations at small deflection and of far-field acoustic spectra.

Velocity-adjusted surface spectra for the scrubbed surface at -g°
deflection, representing an USB installation, are shown in figures 36(i) and
(j). Cverall levels were relatively low at forward pcsitions and increased to
near the maximum for an isolated jet mixing region with increacsing downstream
distance. Surface spectra for the higher velocity contained no indication of
the tone observed (fig. 35(c)) in far-field acoustic spectra.

Spanwise measurements of one-third-octave spectra were taken at 9° and
30° deflection, 30% and 70% chord, and 125 and 250 m/sec (410 and 320 ft/sec)
velocity. Overall levels were found to be symmetrical about the jet plane of
cymmetry; only data for mea:urement directions toward the furthest end of the
airfoil from that plane are presented. Spectra for the smaller deflection and
forward microphone are given in figures 37(a) and (b) for the two velocities.
Jurface pressures were approximately the same at the centerline and 0.25
diameters to the side. They decayed rapidly beyond 0.5 diameter, the width of
the undistorted jet. At a spanwise distance cof one diameter the overall
levels were about 20 dB below the centeriine and the peak freguenciec
decreased by a factor of about 4. (The constant levels cf spectra for high
frequencies and low amplitudes are noise floors of the amplifiers.) Tiere
peak frequencier agree with those cof far-field noice at thece test conditions.
It is likely that the surface pressure spectra measured at distances of 1.0 to
1.5 diameters at the forward position and small deflections are near-field
noise spectra rather than precsure fluctuations ~f the jet mixing region.

~pectra for the smaller deflection and aft traversed micrcphone are given
in figurec 37(c) ani (d) for the two velocities. At this location, maximum
surface precaure fluctuations cccurred at half a diameter tc each ride of the
exhaust centerline, This rerult ic c-nsistent with the viewpoint that



turbulence is generated in the jet mixing region, impressed upon the airfoil
surface, and damped by prolonged exposure to the boundary constraint of a
rigid surface. As at the forward position, the spectrum shape shifted to
lower peak frequencies wiih increasing spanwise distance. Except for the
portions of these spectra at low frequencies and large spanwise spacing, these
spectra for velocities differing by a factor of two have similar shape. They
would be in good agreement if compared at constant Strouhal number and
adjusted 12 dB in amplitude as for a fourth power velocity dependence.

Spectra for the larger deflection are given in figures 37(e) through (h).
The decrease of ampiitude with increasing spanwise distance was less rapid at
this larger deflection, as would be expected with the jet spread over a larger
part of the span. For the aft microphone and spanwise positions near the
ceaterline, high-frequency parts of the spectra were approximately egual in
magnitude at constant velocity but different deflection. Sonic fatigue of
airframe structure caused by high-frequency surface pressure f .uctuations then
would not be significantly eased by reducing the flap deflection. It is not
obvious whether surface pressure spectra in the regions of largest iatensity
are related to acoustic radiation from those surfaces or merely are imposed by
the turbulent jet mixing region.

Cross-Correlation of Scrubbing Noise.

Types of Data Interpretation, - At least three methods are commonly used
for interpretation of cross~correlation measurements. Because different types
of information can be learned from each method, these analysis me*hods should
be discussed before presenting the results obtained. The simplest use of
cross-correlations is the determination of coherence. Ccherence of two
quantities is defined as the ratio of maximum amplitude of cross-ccrrelation
to the square root of the product of maximum autocorrelations; its magnitude
varies from zero to one. If coherence between two measured signals has non-
negligible magnitude relative to one, then some physical process must exist
that relates the two signals. Coherence thus is useful in assuring that a
relationship exists but is of 1ittle help in understanding the relationship.

This difficulty is avoided if delay time is examined. For two micro-
phones measuring free-field sound waves, the delay time at meximum coherence
is the time difference between arrival cf a cound wave at eac’ of the two
microphone positions. If the ratio of delay time to rpeed of souwnd is eqgual
to the microphone separation distance, the sound wave traveled pact none
microphone on its way to the other, If the measured delay time is lees than
the acoustic *ravel time between the two microphones, the locus of all sscuirce
pointc which would produce that difference cf delay times can be determined.
Cross-correlation of several free-field microphoner would then yield rroush



information to locate the sound source as in sonar triangulation. An
important variation of this method occurs when & far-field microphore is
cross-correlated with a surface pressure transducer on a surface believed tn»
be radiating sound. The acoustic signal would be proportional to the negative
of the first derivative of surface pressure, and this derivative should he
maximum at zero signal amplitude. Thus the appropriate delay time is that for
a8 zero crossing with negative slope, located between positive and negative
peaks of coherence. If this delay time is equal to the accustic propagetion
time, acoustic radiation from the surface location has a significant contri-
bution to far-field sound. More important, differences between delay time and
acoustic propagation time represent differences btetween the time when turbu-
lent eddies generate ncise and the time they are convected past the surface
transducer. One could locate the origin of sound radiation by uze of delay
time if the convection speed were known. By crcis-correlatin. a streamwise
row of surface microphcnes with one far-field minrcphone, and comparing delay
times with propagation time, a discrete noise source along the surface can be
located. This location can be identified even though physical constraints
may prevent placement of a transducer near the region of large local source
strength.

In contrast to the use of delay times to infer source location:c at
positions other than the surface measurement point, causality a.alysis
(e.g., ref. 27) yields the surface dipole cource strength at the measuremert
point. Absolute values of cross-correiation slope at the acoustic delay time
and of autocorrelations evaluated at zero delay time, a2long with speed of
sound and field-point distance and direction, are utilized to calculate local
source strength. Distribution of source strength along the surface must be
obtained from a large number of surface-to-far-field cross-correlations. This
measured distribution can be checked for self-consistency by integrating cver
the surface, calculating far-field sound, and comparing with far-field data.
Cf the three methods, the causality analysis is the most ricorous but it
requires the largest number of surface pressure transducers and the largest
amount of data processing per measurement. The approach used herein hac
been directed primarily toward use of ccherence and delay time for identifying
locations of sound-radiating mechanisms. When those methods show that two
different mechanisms each have significant contributions, caurality analysic
is used only to ecamine the effect of some variable on source strencthn at
locations that are important for each mechanism. Thur the emphasis war
directed toward understanding the aernacoustic mechanisms rather than
determining the surface distributions of combined source strenst



Cross-Correlation Data. - Signals from the far-field microphone at 90°
direction to the exhaust nozzle were cross-correlated with those from surface
microphones along the airfoil in the jet exhaust plane of symmetry. Some
results for 9° deflection angle and two different velocities are giver in
figure 38. As sketched in figure 38(a), cross-correlation signals for such
data were relatively simple in appearance with a large positive peak followed
by an approximately equal large negative peak. The two meas.red quantities
were coherence (maximum cross-correlation normalized with respect to rms
level of the two autocorrelations at zero delay time) and the delay time at
which cross-correlation passed through zero amplitude between the two peaks.
Delay times for the two jet velocities of 125 and 250 m/sec (410 and 820
ft/sec) are shown in figure 38(b) for overall spectra filtered to e.clude
frequencies below 200 Hz. These Limes exceeded the 5.4 x 1073 sec required
for a sound wave to travel from the airfoil to the far-field microphone. The
amount by which this delay time exceeded the acoustic travel time increased
approximately linearly with distance from the trailing edge and was halved
when jet velocity was doubled. Time required for a fluid disturbance to be
convected from a surface microphone t. the airfoil trailing elige at 0.8 times
the jet velocity, added to the acoustic travel time, is shown as colid
straight lines for the two jet velocities. Overall noise at this deflection
angle was apparently dominated by a process in which fluid disturbances were
convected along the surface at about 80% of jet exhaust velocity and produced
noise as they moved past the trailing edge. That is, measured overall signals
were dominated by trailing edge noise,

Measured levels of coherence for overall signals at the two velccities
are shown in figure 38(c). They decreased with increasing distarce from the
trailing edge and with increasing velocity. If it is assumed that coherence
between surface pressure fluctuations and far-field acoustic pressi:res would
be unity for surface measurements at the trailing edge, then the data can be
seen to be aprroximated by an expcrnential decay. The argument of the
exponential 1s proporticnal to the product of velocity and upstreem distance.
Such tehavior has been predicted {(ref. 20) for trailinc edge noice.

Cross-correlations were cobtainei at th2 lower velocity for spectra
filiered in octave bandwidths with center frequencies »f 500, 1020, 2000, and
W70 Hz. Delay times for these filtered sirnals were approximately equal to
those fcr overall spectra and are nct shown. Coherence measured in these four
octave bands and with the overall si;mal are shown in figure 38(d). (versll
coherence approximately matched that which was measured at 1000 Hz. At higher
frequencies, coherence decreasel as center freguency was increarced. The
argument of the exponential decay was approximately lirectly proportional t:
frequency at the higher frequencies.
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When airfoil deflection was increased to 18° and 30°, cross-correlation
curves became more complicated in appearance. Cross-correlations measured at
upstream locations along the airfoil had two pairs of prominent signals.
Delay times for the two zero crossings at 300 deflection and 125 m/sec
velocity, for signals filtered to exclude frequencies below 200 Hz, are shown
in figure 39(a). One set of zero crossings occurred at about the acoustic
travel time. This corresponded to sound radiated from a surface us the fluid
disturbance was convected along the surface. The other set occurred at some-
what larger than the sum of fluid convection time and acoustic travel time
and corresponded to trailing edge noise. Values of coherence for these two
peaks are shown in figure 39(b) for the overall signals and for octave bands
centered at 1000 and 2000 Hz. Coherence of the peak occurring at the acoustic
travel time decreased with increasing distance from the leading edge and
either was independent of frequency or increased as center frequency was
increased. In contrast, coherence of the peask associated with trailing edge
noise decreased with increasing distance from the trailing edge and decreased
as center frequency was increased.

Coherence of this trailing edge peak was smaller than that for trailing
edge noise al the same velocity but smaller deflection angle (fig. 38(d)).
This does not mean that trailins edge noise was weaker at the larger angle.
The actual levels of trailing edge noise could be calculated by a causality
analysis (ref. 32) of properly obtained autocorrelations and cross-correla-
tions. As a rapid approximation to a cau.xlity analysis. it can be ncted from
figures 36(d) and (h) that overall surface pressure levels at 50% chord were
about 3 dB larger “or the larger deflection but, from figures 35(d) and (f),
peak cne-third-octave sound pressure levels were essentially unchanged. The
smaller coherence at larger deflection angle represents approximately the
same local acoustic source strength in both cases, but the ratio of source
strength to surfac2 pressure fluctuation was smaller at the larger deflection
angle.

With all surface microphones lccated along the jet plane of symmetry,
streamwise cross-correlations were obtained beiween the 30% chord position and
38, 62, 70, and 8% chord. In addition, cross-correlations were obtained
between the three most rearward chord positions. These results can be used
for determining whether ccherence of surface pressure fluctuations ic strongily
dependent on streamwise position (30 or 70% chord) or whether it depends
primarily on distance between the two correlated microphones. For there
surface-to-surface comparisonz, delay time: were measured tc maximum c-herence.
Delay time: and coherence are given in fiysure &9 for 125 m/zec (L10 ft/sec)
velocity and 9° and 30° deflection. Cignals were filtered for variour octave
bandwidths. Measured delay timer at both deflection angles were crncirctent
with disturbances being convected along the chord at about 0% of the ‘et
exhaust velocity. Thic ratio of convection to velocity to jet veloecity is



larger than the values near 60% usually assumed in jet noise theories for
convection velocity of small eddies in undistorted jets. Approximately the
same convection velocity ratio of 60% is also found for predicted convection
of large-scale vortex instabilities (ref. 29). However, convection velocities
determined from cross-correlation of surface pressure spectra on a simulated
under -thewing extern.lly blown flap were described (ref. 32, p. 227) as
nearly the same as the local maximum mean speed. This maximum meun speed of
the jet attached to a simulated 45° deflected flap was given in figure 8(b) of
reference 32 as about 90% of jet exhaust velocity. The convection velocity
ratio of 80% determined from both surface-to-surface and surface-to-far-field
cross-correlations then is reasonable for an attached wall jet. The flow
disturbances convected along the surface were described in reference 32 as
large-scale vortex structures that were relatively coherent in the spanwise
direction., Formation of these ring vortices in the free shear layer of an
undistorted exhaust jet was described in reference 29, Distortion of ring
vortices by an externally blown flap was described in reference 33, but
convection velocities for the distorted vortices were not given in that study.

Cross-correlations were obtained at 125 m/sec (L10 ft/sec) velocity and
9° deflection with the surface pressure microphones at 30 and 70% chord
traversed spanwise. Each traversed microphone was cross-correlated with the
nearest chordwise position on the exhaust centerline and with the 90° far
field microphone. Delay times for maximum coherence between the centerline
and traversed surface microphones were approximately independent of spanwice
position., That is, the convected pressure disturbances had relatively large
spanwise extent rather than being small relative to jet diameter. These delay
times were roughly equal to the flow convecticon time. Maximum coherence of
these measurements is plotted in figure L1(a) for the overall signal and the
1000 Hz octave band at both chordwise positions. The highly correlated region
was somewhat wider at the downstream position. Generally similar results had
been presented in reference 32 for us° flap deflection. Conerence along a
spanwise line at zers time delay was shown in figure 12(a) of reference 22 to
decay to zero in about half a diameter near the impingement region but, in
figure 12(b) to be about O.L4 at spanwise distances ~f hal® to one diameter a%
a further downstream position.

Cross~correlations of “he far-field microphone vith the :cpanwise
traversed microphone had zero crossings at the cum of flow convection time and
acoustic travel time. At the larger spanwise positions, cross-correlations
with the 30% chord microphone had a second peak that was maximum at a time
roughly 0.4 milliseconds lecs than the acoustic travel time. This sifna.
corresponds to a scund wave radiated from the trailing edge and detected by
both the surface microphone and far-field microphcne. Coherence of <he other
peak is plotted in figure L1(b). These values were approximately independent
of spanwise position and were larger at the aft position. Prctably they show



that the pressure pattern associated with large-scale structure of the exhaust
jet was felt outside of the exhaust jet and was associated with noise

production.

Interpretation of Scrubbing Noise Mechanism. - When this investigation
was begun, it had beer tentatively assumed that scrubbing noise was produced

by locally correlated turbulent eddies in the exhaust jet adjacent to the air-
foil surface. This process was assumed identical to that described in
references 1 and 34 for turbulent boundary layer dipole noise. Because jet
mixing regions have turbulence intensities an order of magnitude larger than
those of turbulent boundary laycrs, calculated sound intensities would be of
the order of 20 dB larger than given by equation (11) of reference 1. Several
results of this investigation which disprove this assumed process for scrub-
bing noise are (1) large variations in coherence between surface pressures and
far-field acoustic pressures in regions having rough.y equal emplitudes of
surface pressure fluctuation, so that local source strength is clearly not
proportional to local surface pressure fluctuation, (2) symmetry of scrubbing
noise directivity measured in the scrubbed and unscrubbed directions, and

(3) surface pressure spectrum shapes that differ from thet which would yield
observed far-field scrubbing noise spectra as predicted by the analysis of
reference 30. Other experimental results that disprove this assumed
mechanism were given in reference 32. Increasing the length of an under-the-
wing externally blown flap from 3.75 to 12.75 diameters was found to reduce
the acoustic power, change the directivity pattern from one that was dominated
by a 1lift dipole to one that was typical of jet mixing noise, and change the
velonity dependence from fifth or sixth power to eighth power, Local mean
velocity profiles, and presuma..y the local surface pressure fluctuations in
the lwpingement and flow attachment region, were not changed ty the increased
flap length. Attributes associated with scrubbing noise were therefore
eliminated relative tc jet mixing noise by increasing the extent of surface
that was s2rubbed. The most easily measured surface pressure fluctuations
apparently are not directly part of the acoustic radiation process.

An alternate qualitative mechanism for scrubbing noise was cited in
reference 33 as stretching and distortion of large-scale vortex structure in
the impingement region. Changes in area of a vortex ring at constant circvla-
tion were shown analytically in reference 35 to produce a dipole sound field.
However, increasing the flap length as described in reference 32 should not
ha e altered the changes in jet exhaust large-scale vortex structure near the
impingement region. It is also difficult to unierstand why noise produced by
vortex motion beneath an unslotted flap of moderate length would not te
shielded by the flap rather than (ref. 32, fig. (b)) symmetrical above and
below such a flap at low exhaust velocities. The Conciluding Remarks cf
reference 32 attributed scrubbing ncise to the motion of large-scale exhaust
jet turbulence past the trailing edge. Reduced ncisze intensity at large flap



lengths was then attributed to the reduced flow velocity at that location.
However, trailing edge noise differs in directivity shape, spectrum shape, and
velocity exponent from what is characterized experimentally as scrubbing noise.

The investigation reported herein showed that coherence of scrubbing
noise from a 30° deflected airfoil was large near the impingement region and
decayed with increasing downstream distance. The measured large cocherence
near the trailing edge may have been produced by a seccnd maximum of scrubbing
noise in addition to “railine edge noise, It is possible that convection and
distortion of the exheust jet's large-scale ring vortices, as described in
reference 33, generates airfoil 1lift force fluctuations similar to those for
isolated vortexes convected past an airfoil. The local loading induced by
each vortex would be concentrated along the chord near the vortex. It would
be acoustically compact and in phase along the scrubbed span. Thus the power
spectrum of 1lift force response should be independent of frequency at low
frequencies and vary inversely with frequency squared at high frequencies as
for a swept or unswept gust in subsonic compressible flow (ref. 12). Far-
field sound from this compact source should vary as the product of frequency
squared, lift response spectrum, and turbulence spectrum of the large-scale
vortex structure. This vortex spectrum is likely (ref. 36) to have the same
general behavior as small-scale jet turbulence, being essentially constant at
low frequencies and decaying roughly inversely with frequency squared at high
frequencies. The resulting acoustic spectrum would incrcase approximately
with frequency squared at low frequencies and decay inversely with frequency
squared at high frequencies. This is the spectrum shape cbserved (ref. 30)
for scrubbing noise. The fluctuation of 1ift coefficient for an unswept
single vortex convected past an airfoil was shown in figure 5 of reference 13
to be essentially independent of subsonic Mach number. Thus the far-field
sound strength would vary approximately with some appropriate local velocity
to the sixth power as is observed.

Lift force fluctuation due to a vortex encounter at constant velocity was
shown in figure 9 of reference 13 to vary approximately inversely with vortex
trajectory distance from the airfoil, divided by chord. If this force
fluctuation mechanism is the cause of scrubbing noise, the major difference
between effects of flap deflection on sound directivity of under-the-wing and
upper-surface-blowing externally bl-wn flaps (ref. 37) would be explsined.

For an under=-the-wing configuration, increased flap deflectior. would decrease
the distance from the flap surface to the outer edge of the deflected jet.
Noise caused by large-scale vortex structures convected past the flaps would
then be much larger *han that for the undeflected, physically larger main part
of the wing. Directivity would then be typified by a 1ift dipole that

rotates and sirengthens with increasing flap deflection. In contrast, deflec-
ting the flaps of an upper-surface-blowing configura’ion would tend to
increase the distance between the flap surface and the vortexes, .!crubbing



noise for ._uch installations would be expected to be a 1ift dipole normal to
the undeflected wing, with a strength that decreases slightly as deflection is
increased, Noise beneath such configurations would be a sum of trciling edge
noise that rotates with flap deflection and scrubbing ncise that ic essentiai-
ly unaffected by flap deflection. Overall sound pressure levels measured
below an upper=-surface-blowing configure:ion thus are not significantly
changed bty flap deflection and are about 10 dB bel~ those for a comparable
unde--the4wing mcdel (fig. 14 of ref. 37). 1his increment corresponds (fig. 7
of rou. 24) to the difference between scrubbing noise measured for an under-
thewing model with maximum and zero flap deflections.

If vortex strength, position, and velocity could be known .rom studies
of the jet impingement region such as were reported in reference 33, the
calculation method of reference 13 might be used for predicting scrubbing
noise. In the absence of such knowledge, an empirical approximation to vortex
trajectory can be obtained from the description in Appendix A of ref-rence 33.
The initial distortion of an exhaust jet by an aerodynamicelly efficient
slotted flap should be that for a shallow-angle oblique jet. The outer
portion of the jet retains its undellected shape and the primary distortion cf
velocity profile occurs near the airfoil. The jet is gradually rotated uutil
it becames a spreading wall jet aitached to the 2irfoil. In contrast, large-
angle oblique jet impingement may represent the effect of thc aft flap panel.
A complex recirculation region may be formed in the impingement region, una
the jet is rapidly turned to the flap direction, Jet width is cubstantielly
increased and thickness is reduced to less than one-fourth the initial jet
diameter.



CONCLUSIONS

1. Trailing edge noise has an intensity that varies with velocity to
the fifth power, turbulence intensity squared, and cosine squared of half the
airection angle measured from the upstream direction. This behavior is
prelicted by the ~~-lyses of Ffowcs Williams and Hall and -f Chase. Overall
magnitude is pred.:.ed by the analysis of Ffowcs Williams and Hall if the
turbulence eddy spacing along the trailing edge is four times the spanwise
integral scale length.

2. Incidence fluctuation nr'se has a spectrum shape that varies with
subsonic Mach number at moderate and large Strouhal numbers. Magnitude and
spectrum shape of far-field spectra are predicted by the theory of Filotas as
modified by a Mach number dependience obtained by Hayden. Airfoil s. -face
pressure spectra are not strongly affected by subsonic Mach number and a..
predicted by the theory of Filotas.

3. Scrubbing noise of externally blown flaps apparently is caused by
fluctuations of airfoil loading, coherent along the scrubbed span, induced by
large-scale vortex structure of the exhaust jet that is convected past the
wing and flap surface. The resulting surface pressure fluctuations are small
relative to those generating in the exhaust jet mixing region and impressed
onto the scrubbed surface. A rigorous theory for predicting scrubbing noise
is not presently available.
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FIGURE 37. — CONTINUED. (f} 30 DEG DEFLECTION, 30% CHORD, 250 m/sec VELOCITY
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